AA,

:   Arachidonic acid

ALA,

:   α-linolenic acid

ATP,

:   Adenosine triphosphate

BHT,

:   Butylated hydroxytoluene

C,

:   Carbon

CO~2~,

:   Carbon dioxide

Cyt bf,

:   Cytochrome bf

DHA,

:   Docosahexaenoic acid

DNA,

:   Deoxy ribonucleic acid

EFA,

:   Essential fatty acid

EPA,

:   Eicosapentaenoic acid

ETA,

:   Eicosatrienoic acid

GLA,

:   γ-linolenic acid

LA,

:   Linoleic acid

LHC,

:   Light harvesting complex

MAA,

:   Mycosporine-like amino acid

Mg,

:   Magnesium

Mn,

:   Manganese

N,

:   Nitrogen

NADPH,

:   Nicotinamide adenine dinucleotide phosphate

OEC,

:   Oxygen evolving complex

P,

:   Phosphate

PC,

:   Plastocyanin

PSI,

:   Photosystem I

PSII,

:   Photosystem II

PQ,

:   Plastoquinone

PUFA,

:   Polyunsaturated fatty acid

Q~A~,

:   Quinone A

Q~B~,

:   Quinone B

RNA,

:   Ribonucleic acid

RuBisCO,

:   Ribulose-1,5-bisphosphate carboxylase

ROS,

:   Reactive oxygen species

SQDG,

:   Sulfoquinovosyl diacylglycerol

S,

:   Sulfur

TAG,

:   Triacyl glycerol

UV,

:   Ultraviolet

Introduction {#s1}
============

Use of algae {#s2}
------------

The concept of culturing microalgae in the laboratory was introduced by [@CIT0400], who cultured *Chlorella* for the purpose of photosynthesis research. The first attempts for mass culturing of algae were performed in 1950s, with *Chlorella* pilot plants in Massachusetts and Tokyo ([@CIT0317]). In Southeast Asia algae culturing developed commercially at an early stage; in 1977 there were 30 *Chlorella* factories in Taiwan. Algae represent a highly diverse group of organisms, which are able to grow under a variety of different conditions. Algae are found at low and high temperatures, low and high light intensities, different pH, high salt concentration, in water bodies or in desert crusts, or in symbiosis with animals ([@CIT0022]).

Over the last decades, more attention has been paid to the possibilities of growing algae commercially, and several different fields within use of algal biomass have unfolded. Algae are presently produced and sold as health food all over the world. Algal biomass is commonly used for aquaculture feed, as well as for other animal feed. Extracts from algae can be used for production of cosmetics and many different pharmaceutical products ([@CIT0012]; [@CIT0237]; [@CIT0410]). The research on microalgal biotechnology has had a steady increase over the last decade ([@CIT0293]). During the same period, research has shown that the algae are able to produce fair amounts of the energy carrier hydrogen under sulfur (S) deprivation ([@CIT0128]; [@CIT0255]). In the process described below, hydrogen is, in principle, produced from solar energy by direct and indirect biophotolysis under anaerobic conditions. This mechanism for handling sulfur deprivation prevents oxidative stress in the algae. It was proven already in 1948 that there were possibilities to manipulate the chemical composition of green microalgae by varying their different growth conditions ([@CIT0354]). Since then, it has been shown that applying different forms of stress to the cells promote the production of secondary metabolites, some of which can have pharmaceutical and/or industrial value as thoroughly described in the following. [Figure 1A](#F1){ref-type="fig"} shows the principle of a two-step process of producing algal biomass with aluable metabolites. The algae in the first step are grown under optimal conditions for an efficient production of biomass, followed by a second step where stress factors are applied in order to induce production of the valuable metabolites.

![Production of valuable metabolites from algae in commercial use today (A), compared to the proposed processes where stress factors are applied to induce both hydrogen production and production of valuable metabolites simultaneously (B), or in sequence (C).](BTN-33-172-g001){#F1}

Food {#s3}
----

Microalgae have most likely been used as a human nutrient source since ancient times. The first known report about a food source made from blue-green algae (cyanobacteria) was published in 1520 by Hernán Cortés, describing findings from Lake Texcoco in Mexico. The Aztecs who lived there are assumed to have used tecuitlatl, a cake made from *Spirulina*, as a major part of their diet. In Central Africa, the population around Lake Chad is still using dihé made from *Spirulina* as a food source, as they have done for probably hundreds of years ([@CIT0392]). The option of using algae as a food source today is dependent on many variables. Some requirements have to be fulfilled regarding, for example, content of protein and other nutrients, content of antioxidants and other health-promoting agents, taste and odor, contents of toxic compounds and general safety of oral intake by humans. Currently algal biomass is sold as health food in many parts of the world, produced from only a limited number of species.

Aquaculture {#s4}
-----------

Microalgae are at the base of the aquatic food chain and are, in general, highly acknowledged for their nutritional value ([@CIT0054]). The first reports of culturing microalgae for use as feed in aquaculture were published a 100 years ago ([@CIT0007]) and, since then, the use of microalgae for this purpose has developed rapidly. Today, microalgae are widely used as one of the most important feed sources for different groups of commercially important aquatic organisms in both freshwater and marine aquaculture ([@CIT0103]). Aquaculture is a growing industry, and the industry of cultivation of microalgae for this purpose is consequently increasing.

Secondary metabolites and stress {#s5}
--------------------------------

Green microalgae are known to contain a very high amount of nutrients, proteins in particular. Under optimal growth, the relative content of the various nutrients is fairly similar among species ([@CIT0163]). However, during sub-optimal conditions, this changes. When algae apply stress reactions for handling more difficult environmental conditions, algal species use very different methods for managing the change in the environment. Depending on their ability to handle the various types of stress, the algae will produce different secondary metabolites in order to increase their chance of survival.

Metabolites are defined as, all organic compounds involved in the metabolism of living cells. Some metabolites are not part of the primary metabolic processes of growth, reproduction or general maintenance of the cell systems, but are produced for use in secondary cell functions. These are called secondary metabolites, and are often produced as a reaction to environmental stress. Their function can in some cases be, to increase the chance of survival or maintain the growth rate under specific conditions, but in other cases their function is not known. Numerous secondary metabolites are likely to be present in all algae; however, most of these are of no known practical or commercial interest. In this study the term "secondary metabolite" refers to compounds that can potentially be of pharmaceutical and/or other industrial interest.

Screening living organisms to identify new compounds with biological activities is referred to as bioprospecting. Lately there has been a particular interest in searching for new compounds in marine organisms, since the potential for new discoveries in the marine environment is particularly high ([@CIT0167]). The identification of new compounds from marine organisms in general, from chemical structure to activity and function, has been extensively reviewed by Blunt and co-workers ([@CIT0041], [@CIT0042], [@CIT0043]; [@CIT0044], [@CIT0045], [@CIT0046], [@CIT0047]) and [@CIT0246], [@CIT0247]). However, it has been found that in some cases the bioactive compounds identified from marine organisms originate from dietary intake of algae ([@CIT0151]; [@CIT0300]). General considerations on the reality of a future for pharmaceutical products from marine organisms can be found in [@CIT0129].

Energy {#s6}
------

Hydrogen is an energy carrier with unique properties, like extremely low density, high energy content and with water being the only by-product after combustion. Technology for use of hydrogen as an energy carrier has rapidly developed during the last decades ([@CIT0263]; [@CIT0340]; [@CIT0358]). Currently all major car producers offer cars running on hydrogen as fuel. Gaffron and Rubin discovered in 1942 that the green microalgae *Scenedesmus* was able to produce hydrogen gas (Gaffron and Rubin, 1942), which opened up to a search for a way of using algae to convert solar energy into this useful energy carrier. Several methods for producing hydrogen from algae have been explored, as described in the Section "Hydrogen production". Production of hydrogen is part of a survival mechanism used by the algae to cope with certain stress factors. [Figures 1B](#F1){ref-type="fig"} and [1C](#F1){ref-type="fig"} illustrate a potential process where stress factors can be applied to induce production of hydrogen and valuable metabolites, either simultaneously or in sequence. Although a simultaneous production as shown in [Figure 1B](#F1){ref-type="fig"} would involve one less step compared to process [Figure 1C](#F1){ref-type="fig"}, it is unlikely that this can reach the same production efficiency, see discussion in Section "Summary and perspectives".

Algae are also used as a source of biofuel such as biodiesel or bioethanol, and significant research has been performed over several years in order to make conversion of algal biomass to fuel a viable process. Several attempts have been made to produce algae for biofuel commercially. The topic of biofuel production from green algae is previously examined thoroughly, however, this study will focus on the other uses of algae mentioned above, and will not discuss aspects of the field of biofuel from algae. Extensive discussions on the issue of biofuel from algae can be found ([@CIT0164]; [@CIT0192]; [@CIT0243]; [@CIT0298]; [@CIT0333]; [@CIT0394]).

Species {#s7}
-------

Clearly, many different phyla of algae have been used historically for different purposes, and many different phyla are in practical use today. However, this paper will only cover possibilities for use of green microalgae, as defined by [@CIT0224]. This is due to the focus of this study on hydrogen production. A significantly higher number of green algae have the ability to produce hydrogen, compared to other types of algae ([@CIT0048]; [@CIT0053]). Many species of green macroalgae also have potential use within some of the fields mentioned above. However, this study searches for species which are able to contribute to several stages of an overall process, including hydrogen production. Microalgae are here defined as single celled algae, or colony forming algae which in general form small colonies that are individually not visible to the eye.

A combined multidisciplinary process for using solar energy to capture CO~2~ while producing hydrogen and different high value products has previously been presented ([@CIT0349]). That paper summarizes, in an integrated manner, different technologies for use of algae, demonstrating the possibility of combining different areas of algae technology to produce hydrogen from solar energy and using the obtained algal biomass for various industrial applications, thus bringing added value to the hydrogen production processes. While the algae are cultivated under close-to-optimal conditions in a first stage, a second stage will apply stress by sulfur deprivation, which induces hydrogen production. After the hydrogen production phase, the microalgal biomass can be collected and used for different purposes: it can be used directly as health food for human consumption, as animal feed or in aquaculture. It is believed that in some cases after nutrient limitation, algal biomass may contain large amounts of valuable biomolecules, which can be extracted for pharmaceutical or industrial purposes. This concept is the starting point for the current study. A general overview of a proposed process, where certain stress factors are applied to an algal culture in order to induce production of hydrogen and produce several products with high commercial value, is presented in [Figure 2](#F2){ref-type="fig"}. The multidisciplinary process described in [@CIT0349] has some resemblances to the biorefinery approach to algal biofuel production; see for example [@CIT0361].

![Overview of the combined process for production of hydrogen and bioactive metabolites. Green microalgae can be cultured under optimal growth conditions, followed by exposure to stress conditions (high light intensity, nutrient deprivation). The algal biomass can be harvested and used for different purposes, for example direct use as food supplement, aquaculture and animal fodders. Several valuable components can be extracted for the purpose of pharmaceutical industry, cosmetics or other types of industrial purposes.](BTN-33-172-g002){#F2}

In some cases, species have been selected as a result of their useful properties, such as growth rate or productivity of certain valuable metabolites. In other cases, the algal species have been selected since an already significant amount of research and experience allow for a simpler and less complicated further development of the process.

Desired properties for algae to be used in this combined process are to:

-   produce hydrogen during stress conditions like for example nutrient deprivation,

-   produce high content of nutrients for health food/animal feed purposes in a hydrogen production process,

-   produce metabolites with pharmaceutical or other industrial interest,

-   produce hydrogen and valuable metabolites either simultaneously or in sequence,

-   have fast growth rates under optimal conditions.

Aim {#s8}
===

The main aim of this review has been to present the possibilities for using green algae species for hydrogen production from solar energy combined with the potential for additional products of pharmaceutical or other industrial value. The starting point for the review is a multidisciplinary process where several different areas of algal technology is combined, as previously described in [@CIT0349]. This review will summarize stress factors and the algae's ability for adaptation to stressful conditions, and the mechanisms that can be used to induce the production of valuable metabolites, which then will be linked to the stress factors that induce hydrogen production in green algae. The most important metabolites of potential commercial interest known to be produced in green algae will be described. Species that have a potential for production of certain valuable metabolites will be presented and correlated to species with the ability to produce hydrogen. Furthermore, the review will describe current commercial uses of algae for purposes such as health food and animal feed. In addition to the above mentioned issues, this review also aims at establishing a platform for selection of green algal species for use in a future process whereby hydrogen production from solar energy is combined with production of valuable metabolites, and/or with other commercial uses of the algal biomass.

Analysis of current knowledge, stress and adaptation mechanisms {#s9}
===============================================================

Many algae have the ability to survive harsh environmental conditions due to different adaptation strategies ([@CIT0022]; [@CIT0337]). Many mechanisms for adaptation lead to changes in the algae's physiology, and as a consequence, the algae will produce different secondary metabolites as part of their adaptation strategies. In order to explore the possibilities within use of the algae's production of metabolites with valuable properties, it is important to elucidate how the algae react during different forms of stress.

Light intensity {#s10}
---------------

Algae can be found in areas where the light intensity can become very high, as for example in deserts, and in areas where the light intensities in addition vary considerably during the year, as for example in the Arctic region. These conditions require the cells to develop defense mechanisms against damaging effects of irradiant stress ([@CIT0022]). Photodamage of the photosynthetic systems is a continuous process that occurs during light conditions in all photosynthetic eukaryotes. There are several theories explaining the mechanisms involved, some of which are summarized by [@CIT0273]; [@CIT0368]; [@CIT0384].

High light intensity can cause strong damaging effects in the cell due to over-excitation of the photochemical apparatus. When the solar energy absorbed by the antenna pigments exceeds the capacity of the photosynthetic system to process the energy, this will lead to generation of long lived excited triplet state chlorophyll which can interact with oxygen to cause the formation of reactive oxygen species (ROS). ROS can cause a great deal of damage to the cell; possible effects are briefly described in the Section "Antioxidants in general". One of these effects from ROS is the inhibition of protein synthesis. Although it was previously shown that the biosynthesis of the important protein D1 is fairly constant both under low and high light intensities ([@CIT0393]), it is now clear that light induced ROS cause inhibition of synthesis of the D1 protein in photosystem II (PSII) ([@CIT0274]).

As mentioned above, there are several theories that have been proposed regarding the mechanisms for photodamage to PSII. The photodamage to PSII is most likely not caused by ROS, but rather as a direct consequence of the exposure of the PSII complex to solar energy. Some of the most recent studies show that the primary reaction in the photodamage of PSII is caused by absorption of light by Mn containing oxygen evolving complex (OEC), which leads to formation of high valent Mn species by disruption of the Mn complex and release of Mn ions. This damage is particularly sensitive to UV wavelengths ([@CIT0369]; [@CIT0402]). Absorption of visible light leads to an oxidized chlorophyll in the PSII reaction center, and without a supply of electrons from the OEC, this strong oxidant can cause damage to the D1 protein ([@CIT0274]). The damaged D1 protein is removed by proteolytic degradation, and replaced with newly synthesized protein. The electron acceptor Q~A~ of PSII may, under high light, be converted to a stable reduced form, thereby inhibiting further electron transport to photosystem I (PSI). When PSII is closed in this way, excitation leads to increased damage to the reaction center ([@CIT0250]). Some studies indicate that the evidence demonstrating that the Mn complex is the primary site for photoinhibition does not exclude the theory that the chlorophyll reaction center may in some cases be the primary site ([@CIT0277]).

Photoinhibition increases when the cell is under stress conditions that limit growth, for example CO~2~ limitation ([@CIT0021]), other nutrient limitation ([@CIT0141]), pH-, salt- or temperature stress ([@CIT0264]; [@CIT0270]). One of the reasons for this is that slower growth decreases an electron sink, thereby increasing the oxidative stress.

ROS are toxic products of the metabolism, but also have important roles in regulation and signaling ([@CIT0248]). Nevertheless, photodamage in PSII is likely to occur under normal circumstances, and algal photosynthetic systems are dependent on efficient repair mechanisms to prevent lethal damage to the cells. Photoinhibition has been found to be strictly proportional to light intensity ([@CIT0384]). Mechanisms for adaptation to high light intensities are essential for survival of algae during stressful irradiant conditions. Adaptation mechanisms that balance the energy input with the energy output through CO~2~ assimilation and other metabolic pathways are important. One method used by algae exposed to high light intensities involves reduction of the antenna size, thereby limiting the amount of energy absorbed. Some potential mechanisms for dissipation of excess energy in photosynthesis have been summarized by [@CIT0276].

The primary defense system for radiant stress is considered to be the thermal dissipation mechanisms, a system that leads the excess energy away from the reaction centers and dissipates the energy as heat. This mechanism protects the photosystem at an early stage by preventing the formation of ROS, since the triplet state chlorophyll formed by the oxidative stress can be inactivated before ROS formation using the xanthophyll cycle. The triplet state chlorophyll can, in this mechanism, be deactivated by excitation energy transfer, directly or indirectly, to the light harvesting carotenoid violaxanthin, which is subsequently converted to the energy quenching carotenoid zeaxanthin via the intermediate antheraxanthin. This is referred to as energy- and delta pH dependent quenching (qE), and is induced by the rapid decrease in lumen pH that occurs under high light electron transport. The xanthophyll cycle is a reversible reaction and when the light intensity conditions return to normal, the zeaxanthin is converted back to the light harvesting violaxanthin ([@CIT0174]). It was shown that, if *Dunaliella* was prevented from performing the qE quenching mechanism, alternative quenching mechanisms were able to compensate and offer sufficient protection towards excess light ([@CIT0374]).

Oxidative damage can also occur as a consequence of uneven distribution of absorbed light between PSII and PSI. Reorganization of the antennae complexes leads to a redistribution of the excitation energy between PSII and PSI; this mechanism is referred to as state transition quenching (qT) and is regulated by the redox state of the PQ pool ([@CIT0272]). Light harvesting proteins become phosphorylated under high irradiance conditions in state 1, when the PQ pool is reduced. The proteins then dissociate from PSII and migrate to the stromal lamellae, where they are incorporated into the peripheral antenna of PSI; the system is then converted to state 2. This method enables the algae to respond within minutes to changes in illumination.

Another possible form of quenching is called inactive PS II mediated quenching, where functional PSII centers are protected by inactivated reaction centers, which can dissipate the excess energy as heat. This mechanism has been observed in plants when less than 30% of the PSII reaction centers remain active ([@CIT0078]).

The secondary defense system targets to quench the ROS before they cause damage to the photosystems. This is accomplished by producing antioxidants, a group of molecules thoroughly described in the Section "Analysis of current knowledge, potential products from algae". All algae produce a number of antioxidants that are able to scavenge these free radicals, carotenoids being the most common. The carotenoids of the xanthophyll cycle described above have been shown in plants to have additional roles as antioxidants in the photo protection ([@CIT0153]).

Other reactions to prevent oxidative damage of the photosystems include releasing the reductive pressure of the electron transport chain. Excess electrons can be used by alternative electron sinks, for example to reduce oxygen (photorespiration) ([@CIT0276]), or to use the assimilatory reaction of CO~2~ reduction resulting in storage materials like starch and lipids ([@CIT0163]; [@CIT0317]; [@CIT0321]). As described in the Section "Nutrient limitation", lack of nutrients like C, N, P or S prevents growth, thereby removing one of the photosynthesis electron sinks; a situation which can lead to increased photoinhibition also at low light intensities that would normally not cause damage. In some cases, reductive pressure can be released in the form of hydrogen gas.

Light stress can be used as a mechanism for inducing the production of antioxidants such as carotenoids, vitamins, butylated hydroxytoluene (BHT), and others. These compounds can be extracted and used for a number of applications, as described in the Section "Analysis of current knowledge, potential products from algae".

Temperature {#s11}
-----------

Several green algae are able to tolerate very low temperatures, examples are algae growing on snow and ice like *Chlamydomonas nivalis*and *Chloromonas nivalis*. However, for mesophilic algae, cold stress can have considerable inhibiting effects. One important factor causing cold stress is increased rigidity in the membrane systems, when temperature is reduced. Membrane fluidity is essential for electron transport by mobile carriers; optimal photosynthetic function relies on the correct folding of the complex membrane associated proteins of the photosynthetic electron transport chain. Other effects caused by cold stress include decreased enzyme reaction rates, which can lead to problems like oxidative stress ([@CIT0264]).

Psychrophilic strains have a number of adaptation mechanisms that help the organisms to tolerate the cold. A necessary factor for algae to adapt to lower temperature is to maintain membrane fluidity by incorporating unsaturated fatty acids in the membranes. The amount of unsaturated lipids in the membranes and the extent of their unsaturation represent a major factor for avoiding membrane rigidity. Other adaptation mechanisms include cold shock and antifreeze proteins that bind to ice crystals and prevent cell damage.

At suboptimal temperatures, enzymes will in general have decreased reaction rates. One mechanism for adapting to cold environment is to produce more enzymes to compensate for lower specific activity, as already shown for Ribulose-1,5-bisphosphate carboxylase (RuBisCO) in psychrophilic *Chloromonas* species ([@CIT0101]). Psychrophilic algae can also have increased amounts of ATP synthase, which may compensate for the reduced molecular diffusion rates. Elevated contents of ATP in the cells have been observed, and may be related to decline of energy consumption ([@CIT0269]). Improved catalytic efficiencies can be obtained by increasing turnover numbers or by decreasing the substrate concentration required for optimal activity. Enzymes from psychrophiles may also exhibit a shift in optimal activity towards lower temperatures ([@CIT0264]).

Another mechanism for cold adaptation involves differential energy partitioning. As absorption of light is an temperature independent process, it must be coordinated with the temperature dependent formation and utilization of ATP and NADPH. Low temperature can cause an imbalance between the energy that is absorbed by the photosystems and the energy that is consumed by the metabolic processes due to decreased metabolic rates. The problem with excess energy absorbed can be solved by reducing the antenna size, thereby limiting the amount of energy absorbed, photosystem transition from state 1 to state 2, or dissipating excess energy non-photochemically as heat. The situation can also be solved by increasing the sink capacity, as for example increasing the amount of Calvin cycle enzymes ([@CIT0166]). High amounts of potential energy sinks like starch, lipids and secondary carotenoids have been observed in psychrophilic green algae ([@CIT0225]; [@CIT0315]).

Algae living in certain cold ecosystems, in particular on snow and ice surfaces, are often exposed to high irradiation, including high UV levels, which they need to handle in order to survive, see also the Section "Light intensity". More than 100 species of green algae are identified as dominant organisms on snow, causing red, yellow, green and grey snow patches; *Chlamydomonas nivalis* being the best studied example ([@CIT0264]). The red color in the algal cells is a result of increased astaxanthin production providing an UV-screening effect ([@CIT0316]). This alga is also known to produce phenolic compounds as a photo protective response ([@CIT0106]). In addition to have antioxidant activity, these substances have been attributed to chemotherapeutic, antimicrobial and anticancer activities ([@CIT0040]).

Two psychrophilic strains of *Chlorella* showed production of unsaturated fatty acids and antifreeze proteins. One strain showed an increased ability for adaptation when pre-cultivation temperatures were lower, while the other species showed the same reaction pattern during cold stress regardless of pre-cultivation temperature. This indicates that the adaptation mechanisms towards cold may vary widely between psychrophilic strains within the same genera ([@CIT0162]). Two different strains of *Chlamydomonas raudensis*, one psychrophilic and one mesophilic, showed different adaptive responses to irradiance stress at suboptimal temperatures ([@CIT0367]); confirming that psychrophilic reaction patterns are not species specific. Algae have a general tendency to survive temperatures below their optimum for growth better than temperatures above optimum ([@CIT0391]). This is most likely because enzymes can be denatured and therefore irreversibly inactivated by heat, while low temperatures often cause only a reversible inhibition.

Thermotolerant green algae are highly uncommon; photosynthetic organisms in hot springs are usually dominated by prokaryotes ([@CIT0022]). However, some green algae have tolerance to temperatures up to 42°C, like *Chlorella sorokiniana* ([@CIT0092]; [@CIT0325]). Mutants with higher saturation of chloroplast membrane lipids had a higher tolerance for higher temperature ([@CIT0329]). Under elevated temperatures, a large increase in astaxanthin content has been detected in the mesophilic *Haematococcus* sp. ([@CIT0377]), and in *Chlorococcum* sp. a similar astaxanthin increase was shown to lead to a relative decrease of β-carotene content ([@CIT0233]). This can be explained by temperature derived increase in oxidative stress, leading to increased need for secondary carotenoids, or temperature dependent enzymatic reactions. Heat-shock response in *Chlorella* has been shown to involve cytochrome *f* in a programmed cell death process ([@CIT0422]).

Temperature induced stress responses can be used for production of useful metabolites such as unsaturated fatty acids, antifreeze proteins, astaxanthin and other antioxidants like phenols, which have showed medical effects.

Osmotic stress {#s12}
--------------

Green microalgae are found in freshwater, brackish water and seawater, but also in highly saline environments; some species can tolerate a wide range of different salinities ([@CIT0070]; [@CIT0360]). The most studied halophilic green algae are *Dunaliella* spp, which are widely distributed in high salinity environments ([@CIT0147]; [@CIT0183]; [@CIT0284]).

Osmotic changes caused by for example variation in salinity can inflict hypo- or hyperosmotic stress on the cells by impact on the cellular water potential and loss/uptake of ions through the cell membrane. Stress reactions, as measured by decreased growth rates, can vary considerably, but stress measured as survival rate often show that algae can survive salt stress over a much wider range of salinities than the case is for growth rates ([@CIT0203]). A consequence of high salinity can for example be impaired electron transfer between antenna pigments, electron transfer on the water splitting side of PSII and impaired photo activated electron flow of PSI ([@CIT0332]). Mechanisms involved in osmotic acclimation include water flux, which is a result of most changes in salinity and, in some cases, can be a sufficient way of preventing negative effects on the cell. Ion transport, which can be passive or active, leads to uptake or release of ions to adjust salt concentration inside the cells. Some species will also produce vacuoles to sequester the excessive ions ([@CIT0359]). The organisms can also produce one or several organic osmolytes that can be present in high concentrations without inhibiting enzymatic activities ([@CIT0283]). This can sometimes be a more long-term adjustment strategy as a response to large changes in salt concentration. One example of an organic osmolyte is glycerol, which is produced in large amounts in for example *Dunaliella sp* under salt stress ([@CIT0147]; [@CIT0183]). It has been hypothesized that marine strains are able to maintain the glycerol molecules within the cell, which allow them to have a higher internal concentration of this important osmolyte, thereby being able to tolerate higher external salt concentrations. In fresh water strains, glycerol can diffuse more easily across the cell membrane. In this case, glycerol will be produced at a stable rate to provide equilibrium and is continuously excreted ([@CIT0222]), leading to a lower salinity tolerance of the cell. In some marine algae, like *Chlamydomonas pulsatilla*and *Dunaliella salina,* there is a correlation between glycerol synthesis and degradation of starch; this is seen in particular as a consequence of high salinity shock during light exposure ([@CIT0136]; [@CIT0158]; [@CIT0188]). A variety of other osmolytes such as mannitol, proline and sucrose are produced by halotolerant green algae ([@CIT0283]). A summary of osmotic responses to changes of salinity can be found in [@CIT0070]. Strains with a high ability to adapt to variations in salt concentrations in the environment are able to increase their energy yielding processes, which improve the ability to pump ions out of the cell and increase the tolerance to high salinity ([@CIT0008]).

Salinity tolerance and salinity optimum are strongly dependent on light and temperature conditions, in addition to nutrient limitation ([@CIT0073]; [@CIT0081]). Photoinhibition can for example increase under high salt concentrations ([@CIT0270]). Salinity stress usually leads to a decrease in growth rate. In some cases, increased salinity can lead to an increase in metabolites like palmitic and oleic acids, carotenoids like lutein and β-carotene, as shown in *Botryococcus braunii* ([@CIT0311]) or astaxanthin, as shown in *Haematococcus* ([@CIT0285]). These products will in this case function as an energy sink to relieve the reductive pressure. *Dunaliella* spp. show an optimal production of β-carotene as a photo protective response under high salt concentrations ([@CIT0030]), as well as increased production of unsaturated fatty acids in microsomes ([@CIT0014]). High salinity tolerance is an advantage in commercial production since it can be used as a protection against contamination of other species.

Green algae are also found in desert crusts, for example *Desmococcus olivaceus, Chlamydomonas sp, Chlorococcum humicola, Chlorella vulgaris, Palmellococcus miniatus*, along with cyanobacteria, diatoms and euglenoids ([@CIT0022]). These algae have high tolerance to dry conditions, high irradiation and fluctuating temperatures. There is a strong link between desiccation and osmotic stress, as described above, and increased salinity has been used experimentally to mimic effects of drying ([@CIT0332]).

Valuable metabolites that can be produced during osmotic stress include for example glycerol, carotenoids and unsaturated fatty acids, as mentioned above. These products have many applications and are described in the Section "Analysis of current knowledge, potential products from algae".

pH {#s13}
--

Green microalgae can be found in many different pH environments; a limited number of species are able to grow and photosynthesize under very low pH. The most studied species of green algae isolated from acidic environments is *Chlamydomonas acidophila*. This acidophilic alga can grow at pH as low as 1.5, with an upper limit of pH 7 ([@CIT0124]). Growth rates in this organism under low pH are comparable with growth rates of mesophilic organisms under neutral pH, showing that the algae are well adapted to the acidic conditions and are not inhibited by low pH. There are several strategies for algae to handle an acidic environment. Both acidophilic and acidotolerant species are dependent on being able to maintain a close to neutral pH in the cytosol in order to prevent damage to intracellular systems ([@CIT0119]). Maintaining a neutral internal pH when the external pH is low requires specific ATP driven H^+^ pumps, which is an energy demanding process. The H^+^ can be transported both into vacuoles and also out of the cells. Vacuolar proton pumps remove the H^+^ from the cytosol at a rate proportional with the H^+^ concentration. The plasma membrane, however, removes the protons at a constant rate, triggered by internal acidification, as has been found in the acidophilic green alga *Eremosphaera viridis* ([@CIT0032]). H^+^ influx into the vacuoles was compensated by cation release, while H^+^ efflux out of the cell was compensated by anion efflux. At very low pH, more than 50% of the synthesized ATP was in this case used for H^+^ pumping. One example of a mechanism applied to handle the increased energy demand has been suggested to be cyclic electron transport around PSI that leads to increased proton potential across the thylakoid membrane, which then is used for ATP production ([@CIT0124]). However, the suggestion that there is a cyclic electron transport around PSI for this purpose has been disputed ([@CIT0215]). Another strategy is increased metabolism. Photosynthetic rates can be significantly higher under low pH than under neutral pH, possibly as a compensation for increased respiration rates. In *Chlamydomonas acidophila,* modifications in the electron transport at low pH leads to increased PSII excitation pressure in the light, partly compensated by higher electron transport capacity of PSII and increased nonphotochemical quenching ([@CIT0124]). Increased fatty acid saturation in the membranes and acid tolerant cell wall proteins are also mechanisms related to low pH adaptation ([@CIT0372]). Low external pH is, like some other forms of stress, shown to induce production of heat shock proteins ([@CIT0119]). Effects of exposure to pH stress in *Chlamydomonas applanata* include reduction of cell volume, increase in pyrenoidal volume, reduction of starch reserves, and production of mucilage leading to palmelloid colonies ([@CIT0397]). *Haematococcus* has shown increased astaxanthin production at low pH when exposed to light stress and N-deprivation ([@CIT0285]). In *Chlorococcum* sp, the content of the dominant secondary carotenoid canthaxanthin increases when pH is below optimum for growth ([@CIT0233]).

Nutrient limitation {#s14}
-------------------

Limitation of photosynthetic growth in nature is very often caused by limiting access of nutrients, in particular the major nutrients nitrogen (N), phosphorus (P) and sulfur (S). Inhibition of growth is a natural consequence of lack of nutrients since important building blocks of the cell contain these elements. One example is the high amount of N and P in DNA and RNA, where they serve as important building blocks in the structure. N is also essential in proteins, each amino acid building block contains at least one atom of this major element. P is also essential for transporting energy in the form of ATP, and is a component of phospholipids that make up the cellular membranes. Pollutants containing phosphate is a common cause of eutrophication and algal blooms, showing that P is often a limiting factor for algal growth in natural freshwater environments. S is also an essential component of proteins, since the important amino acids cysteine and methionine, among others, contain this element. In particular disulphide bridges made up of cysteine--cysteine disulphide covalent bonds are important in protein assembly and structure. In green algae, N is mostly taken up in the form of ammonium (NH~4~ ^+^) or nitrate (NO~3~ ^−^), P in the form of phosphate (PO~4~ ^3−^) whereas S is taken up in the form of sulfate (SO~4~ ^2−^).

Furthermore, green algae are dependent on trace metals that are important components of proteins, often as enzyme cofactors. A trace metal that is important in photosynthesis in algae, is for example iron (Fe), being a component in cytochromes, and thereby vital for electron transport. Fe is also an important part of enzymes like hydrogenase ([@CIT0058]). Other important trace metals in photosynthesis are manganese (Mn), which is a component of the water splitting complex at PSII, and magnesium (Mg), which is a component of chlorophyll. Some algae also depend on vitamins from the environment, in particular vitamin B. As an example, out of 154 species of Chlorophyta, that were examined for Vitamin B~12~ dependency, 105 were able to synthesize this vitamin themselves, while 49 species were showed to require B~12~ from the environment ([@CIT0083]). As described in the Section "Analysis of current knowledge, potential products from algae", most algae are able to produce Vitamins A, C, D and E, some species also in amounts that have economical potential.

When the algal cells are deprived of any major nutrients, the growth cycle ceases and there is a shift in production of cell metabolites. The cell starts producing enzymes that enhance uptake mechanisms for the limiting nutrient. At the same time, certain proteins and lipids that are not essential during the deprivation are degraded, which is, in many cases, a way of releasing the limiting nutrient that can be used for essential processes in the cell ([@CIT0295]; [@CIT0335]; [@CIT0413]; [@CIT0418]). During sulfur deprivation, the important enzyme RuBisCO is specifically degraded, and the Calvin cycle stops ([@CIT0417]b).

Another general response to nutrient limitation is a decrease in photosynthetic activity, which is vital for the cells survival. *Chlamydomonas reinhardtii* has shown a 75% decrease of oxygen evolution in cells being starved from P after 4 days, and a similar decrease in oxygen evolution after 1 day of S deprivation ([@CIT0407]). The same study also showed the following changes after deprivation of these major nutrients: Inhibited electron flow in PSII caused by photodamage which left 30% of the PSII inactivated, formation of non-reducing Q~B~ preventing e-transfer from PSII to PSI, and transition of the photosystems from state 1 to state 2, as described in the Section "Light intensity". Light saturation occurs at lower light intensities in nutrient deprived algae compared to algae supplied with sufficient quantities of nutrients, and there is a correlation between the cells' reactions to nutrient deprivation and light intensity. Some algae have the ability for intracellular storage of P in the form of polyphosphate bodies located in the cytosol ([@CIT0280]). Algae do not have a similar storage system for S, a fact that explains the longer interval before inhibition of oxygen evolution of P starved cells compared to cells exposed to S starvation. The sulfolipid sulfoquinovosyl diacylglycerol (SQDG) located in the chloroplast membranes is associated with PSII ([@CIT0330]), and has been shown to degrade faster than RuBisCO during sulfur deprivation. The degradation of this sulfolipid is believed to function as a source of sulfur during the first few hours of sulfur deprivation, before the degradation of RuBisCO starts ([@CIT0362]).

When the Calvin cycle is inhibited, oxidative stress will consequently occur, unless the cells provide alternative pathways to dissipate the excess reducing power. In response to nutrient deprivation, many algae respond by creating energy- and carbon sinks by producing large amounts of starch, carotenoids and lipids. Many of these have useful properties in terms of medical effects or industrial use. They are described thoroughly in the Section "Analysis of current knowledge, potential products from algae".

A well-studied species is the halotolerant green algae *Dunaliella salina*, which is able to produce large amounts of carotenoids. Many algae have shown the ability for increased accumulation of carotenoids during nutrient deprivation, some are listed in [Table 1](#T1){ref-type="table"}. These pigments are deposited as hydrophobic globules in the cytoplasm and are thought to function as a "sunscreen" to dissipate excess energy as heat, and thereby protecting the reaction centers. This reaction to nutrient deprivation is commonly seen and is particularly well studied in the astaxanthin producing *Haematococcus* ([@CIT0154]; [@CIT0171]; [@CIT0177]), and β-carotene producing *Dunaliella* ([@CIT0081]; [@CIT0326]). Major nutrient deficiency, like lack of N, P or S, leads to significant increase of these protective pigments. Another common reaction to nutrient deficiency is increased cellular content of lipids, although this has been mostly explored as a reaction to N-deprivation ([@CIT0140]; [@CIT0170]; [@CIT0398]; [@CIT0419]). As an example, a high number of green algal species will increase their content of lipids from ∼15--30% to ∼25--65% when deprived of N, as summarized by [@CIT0140]. Other species will, on the other hand, maintain or decrease their lipid content, as is the case with for example *Chlorella sorokiniana*and some *Dunaliella*and *Tetraselmis* species ([@CIT0025]; [@CIT0140]). In some cases, the nutrient deprivation can lead to an increase of polyunsaturated fatty acid (PUFA) content, as for example production of arachidonic acid (AA) by *Parietochloris incisa* ([@CIT0352]). An increased production of starch is also often seen as a reaction to nutrient limitation ([@CIT0056]; [@CIT0231]; [@CIT0244]; [@CIT0320]). A parallel increase of lipids and carotenoids and/or starch can sometimes be observed ([@CIT0351]; [@CIT0375]b; [@CIT0398]; [@CIT0419]).

###### 

Algal species which have been studied and shown ability to produce hydrogen and/or metabolites with pharmaceutical/ industrial interest and algae which are being used today for commercial purposes.

  Genus                                           Species[^†^](#T1-F1){ref-type="table-fn"}                                   Hydrogen production[^‡^](#T1-F2){ref-type="table-fn"}       Hydrogen --S[^‡^](#T1-F2){ref-type="table-fn"}   Health food                                       Aquaculture/ animal feed                                                                                    Valuable metabolites[^§,\#^](#T1-F3 T1-F4){ref-type="table-fn"}
  ----------------------------------------------- --------------------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------ ------------------------------------------------- ----------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------
  *Ankistrodesmus*                                *spp.*                                                                                                                                                                                                                                     FS ([@CIT0383])                                                                                             α-linolenic acid ([@CIT0031])
  Hexadecatetraenoic acid ([@CIT0031])                                                                                                                                                                                                                                                                                                                                                                   
  *angustus*                                      D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
  *braunii*                                       D ([@CIT0190])                                                                                                                                                                                                                             Astaxanthin ([@CIT0051])                                                                                    
  *falcatus*                                      D ([@CIT0036])                                                                                                                                                                                                                                                                                                                                         
  *spiralis*                                                                                                                                                                                                                                                                                 Mycosporine-like amino acids ([@CIT0408])                                                                   
  *Botryococcus*                                  *sppbraunii*                                                                                                                                                                                                                                                                                                                                           α-linolenic acid ([@CIT0072])
                                                  Linoleic acid ([@CIT0072])                                                                                                                                                                                                                                                                                                                             
                                                  Butylated hydroxytoluene ([@CIT0015])                                                                                                                                                                                                                                                                                                                  
                                                  Lutein ([@CIT0312])                                                                                                                                                                                                                                                                                                                                    
                                                  β-carotene ([@CIT0051])                                                                                                                                                                                                                                                                                                                                
                                                  Extracellular alkadienes (wax for cosmetics) ([@CIT0256])                                                                                                                                                                                                                                                                                              
  *Brachiomonas*                                  *submarina*                                                                                                                                                                                                                                                                                                                                            Glycerol (Ahmadand Hellebust, 1986)
  *Carteria*                                      *spp*                                                                                                                                                                                                                                      BP ([@CIT0095], [@CIT0220])                                                                                 
  *crusifera*                                     D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
  *eugametos*                                     D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                         
  *Chlamydobotrys*                                *stellata*                                                                  D ([@CIT0049])                                                                                                                                                                                                                                                             
  *Chlamydocapsa*                                 *spp*                                                                                                                                                                                                                                                                                                                                                  Lutein ([@CIT0225])
  Cantaxanthin ([@CIT0225])                                                                                                                                                                                                                                                                                                                                                                              
  Astaxanthin ([@CIT0225])                                                                                                                                                                                                                                                                                                                                                                               
  *Chlamydomonas*                                 *spp.*                                                                                                                                                                                                                                     BL, BP, FZ, MR, BS, BP,                                                                                     Glycerol ([@CIT0260])
                                                  FS ([@CIT0220], [@CIT0281])                                                 Vitamin B ([@CIT0395])                                                                                                                                                                                                                                                     
                                                                                                                              α-linolenic acid ([@CIT0294])                                                                                                                                                                                                                                              
                                                                                                                              Hexadecatetraenoic acid ([@CIT0294])                                                                                                                                                                                                                                       
                                                  *acidophila*                                                                                                                                                                                                                                                                                                                                           Lutein ([@CIT0120])
                                                  β-carotene ([@CIT0120])                                                                                                                                                                                                                                                                                                                                
                                                  Violaxanthin ([@CIT0120])                                                                                                                                                                                                                                                                                                                              
                                                  *applanata*                                                                 D ([@CIT0053])                                                                                                                                                                                                                                                             Haemagglutinin ([@CIT0080])
                                                  *asymmetrica*                                                                                                                                                                                                                                                                                                                                          Haemagglutinin ([@CIT0080])
                                                  *chlamydogama*                                                              D ([@CIT0053])                                                                                                                                                                                                                                                             
                                                  *debaryana*                                                                 D ([@CIT0155])                                                                                                                                                                                                                                                             
                                                  *dorsoventralis*                                                            D ([@CIT0053])                                                                                                                                                                                                                                                             Haemagglutinin ([@CIT0080])
                                                  *dysosmos*                                                                  D ([@CIT0155])                                                                                                                                                                                                                                                             
                                                  *elliptica*                                                                 D ([@CIT0053])                                                                                                                                                                                                                                                             
                                                  *eugametos*                                                                 D ([@CIT0191])                                                                                                                                                                                                                                                             Vitamin B ([@CIT0390])
                                                  *euryale*                                                                   D ([@CIT0348])                                              D ([@CIT0348])                                                                                                                                                                                                 
                                                  *hindakii*                                                                  D ([@CIT0053]) (*noctigama)*                                                                                                                                                                                                                                               
                                                  *hydra*                                                                     D ([@CIT0053])                                                                                                                                                                                                                                                             
                                                  *intermedia*                                                                D ([@CIT0191])                                                                                                                                                                                                                                                             
                                                  *moewusii*                                                                  D ([@CIT0155])                                              D ([@CIT0257])                                                                                                                                                                                                 α-linolenic acid ([@CIT0013])
                                                  Linoleic acid ([@CIT0013])                                                                                                                                                                                                                                                                                                                             
                                                  Hexadecatetraenoic acid ([@CIT0013])                                                                                                                                                                                                                                                                                                                   
                                                  *nivalis*                                                                                                                                                                                                                                                                                                                                              Astaxanthin ([@CIT0316])
                                                  Phenolic antioxidants ([@CIT0106])                                                                                                                                                                                                                                                                                                                     
                                                  Mycosporine-like amino acids ([@CIT0106])                                                                                                                                                                                                                                                                                                              
                                                  *noctigama*                                                                 D ([@CIT0403])                                              D ([@CIT0348])                                                                                                                                                                                                 Haemagglutinin ([@CIT0080])
                                                  *pulsatilla*                                                                                                                                                                                                                                                                                                                                           Glycerol (Ahmadand Hellebust, 1986)
                                                  *pulvinata*                                                                                                                                                                                                                                                                                                                                            Haemagglutinin ([@CIT0080])
                                                  *reinhardtii*                                                               D ([@CIT0191])                                              D ([@CIT0255])                                                                                                                                                                                                 Transgenic proteins (Griesbeck *et al.*, 2005)
                                                  Toxic fatty acids ([@CIT0249], [@CIT0356])                                                                                                                                                                                                                                                                                                             
                                                  Glycerol ([@CIT0223])                                                                                                                                                                                                                                                                                                                                  
                                                  Vitamin C ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  *simplex*                                                                                                                                                                                                                                                                                                                                              Haemagglutinin ([@CIT0080])
                                                  *texensis*                                                                  D ([@CIT0053])                                                                                                                                                                                                                                                             
                                                  *ulvaensis*                                                                                                                                                                                                                                                                                                                                            Haemagglutinin ([@CIT0080])
                                                  *vectensis*                                                                 D ([@CIT0348])                                              D ([@CIT0348])                                                                                                                                                                                                 
  *Chlorella*                                     *spp.*                                                                                                                                  D ([@CIT0065], [@CIT0375]a)                      NP ([@CIT0304], [@CIT0410])                       MR, BS, FS, BL, ML, FZ ([@CIT0012], [@CIT0095], [@CIT0103], [@CIT0304], [@CIT0383])                         Vitamin C ([@CIT0323])
                                                  Vitamin B ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Extract w antimicrobial and anticancer activity ([@CIT0282])                                                                                                                                                                                                                                                                                           
                                                  *ellipsiodea*                                                                                                                                                                                                                                                                                                                                          Violaxanthin ([@CIT0064])
                                                                                                                                                                                                                                                                                                                                                                                                         Antheraxanthin ([@CIT0064])
                                                                                                                                                                                                                                                                                                                                                                                                         Zeaxanthin ([@CIT0064])
                                                                                                                                                                                                                                                                                                                                                                                                         Extract w antimicrobial activity ([@CIT0080])
                                                                                                                                                                                                                                                                                                                                                                                                         Extract w apoptose inducing effect ([@CIT0064])
                                                                                                                                                                                                                                                                                                                                                                                                         Haemagglutinin ([@CIT0080])
                                                  *emersonii*                                                                                                                                                                                                                                                                                                                                            Canthaxanthin ([@CIT0033])
                                                  *fusca*                                                                     D ([@CIT0191])                                                                                                                                                                                                                                                             Lutein ([@CIT0097])
                                                  Astaxanthin ([@CIT0051])                                                                                                                                                                                                                                                                                                                               
                                                  Canthaxanthin ([@CIT0051])                                                                                                                                                                                                                                                                                                                             
                                                  Extract w antimicrobial activity ([@CIT0080])                                                                                                                                                                                                                                                                                                          
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
                                                  *homosphaera*                                                               D ([@CIT0191])                                                                                                                                                                                                                                                             α-linolenic acid ([@CIT0003])
                                                  *kessleri*                                                                  D ([@CIT0191]) (*Parachlorella)*                                                                                                                                                                                                                                           Extract w antimicrobial activity ([@CIT0080])
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
                                                  *luteovirtidis*                                                                                                                                                                                                                                                                                                                                        Haemagglutinin ([@CIT0080])
                                                  Mycosporine-like amino acids ([@CIT0189])                                                                                                                                                                                                                                                                                                              
                                                  *minutissima*                                                                                                                                                                                                                              BL, PL ([@CIT0103])                                                                                         Eicosapentaenoic acid ([@CIT0339])
                                                  Extract w antimicrobial and anticancer activity ([@CIT0282])                                                                                                                                                                                                                                                                                           
                                                  Mycosporine-like amino acids ([@CIT0408])                                                                                                                                                                                                                                                                                                              
                                                  *protothecoides*                                                            D ([@CIT0036])                                                                                                                                                                                                                                                             Lutein ([@CIT0068], [@CIT0342])
                                                  Extract w antimicrobial activity ([@CIT0080])                                                                                                                                                                                                                                                                                                          
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
                                                  Linoleic acid ([@CIT0091])                                                                                                                                                                                                                                                                                                                             
                                                  Vitamin C ([@CIT0323])                                                                                                                                                                                                                                                                                                                                 
                                                  *pyrenoidosa*                                                               D ([@CIT0053])                                              D ([@CIT0348])                                                                                                                                                                                                 Extract w antimicrobial/ antifungal activity ([@CIT0002], [@CIT0080])
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
                                                  Polysaccharide w immunostim effect ([@CIT0302], [@CIT0411])                                                                                                                                                                                                                                                                                            
                                                  Polysaccharide w antitumor activity ([@CIT0341])                                                                                                                                                                                                                                                                                                       
                                                  Lutein (Wu *et al*,. 2007)                                                                                                                                                                                                                                                                                                                             
                                                  Inhibition of dioxin maternal transfer ([@CIT0268])                                                                                                                                                                                                                                                                                                    
                                                  Vitamin B ([@CIT0025])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0025])                                                                                                                                                                                                                                                                                                                                 
                                                  *saccharophila*                                                                                                                                                                                                                                                                                                                                        Haemagglutinin ([@CIT0080])
                                                  *salina*                                                                    D ([@CIT0065])                                              D ([@CIT0065])                                                                                                                                                                                                 
                                                  *sorokiniana*                                                               D ([@CIT0036])                                              D ([@CIT0065])                                                                                                                                                                                                 Fatty acid extract w/medical activity ([@CIT0075])
                                                                                                                                                                                                                                                                                                                                                                                                         Sulfoxidation biocatalyst activity ([@CIT0089])
                                                                                                                                                                                                                                                                                                                                                                                                         Lutein ([@CIT0245])
                                                                                                                                                                                                                                                                                                                                                                                                         α /β-carotene ([@CIT0245])
                                                                                                                                                                                                                                                                                                                                                                                                         Vitamin E ([@CIT0245])
                                                                                                                                                                                                                                                                                                                                                                                                         Haemagglutinin ([@CIT0080])
                                                                                                                                                                                                                                                                                                                                                                                                         Mycosporine-like amino acids ([@CIT0408])
                                                  *sphaerica*                                                                                                                                                                                                                                                                                                                                            Mycosporine-like amino acids ([@CIT0189])
                                                  *stigmatophora*                                                                                                                                                                                                                                                                                                                                        Polysaccharide w anti-innflammatory and immunosuppressive activity (Guzman *et al.*, 2003)
                                                  Extract w effect on the central nervous system ([@CIT0211])                                                                                                                                                                                                                                                                                            
                                                  *vacuolata*                                                                 D ([@CIT0036])                                                                                                                                                                                                                                                             Extract w antimicrobial activity ([@CIT0080])
                                                  *vulgaris*                                                                  D ([@CIT0155])                                              D ([@CIT0375]a)                                  NP ([@CIT0304], [@CIT0310], [@CIT0322])           FS, HF ([@CIT0131], [@CIT0176], [@CIT0310])                                                                 Lutein ([@CIT0064])
                                                  Canthaxanthin ([@CIT0135], [@CIT0256])                                                                                                                                                                                                                                                                                                                 
                                                  Astaxanthin ([@CIT0135], [@CIT0256])                                                                                                                                                                                                                                                                                                                   
                                                  Vitamin C ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Glycoprotein w anti-cancer activity ([@CIT0152], [@CIT0370])                                                                                                                                                                                                                                                                                           
                                                  Sulfonated polysaccharide, antioxidant ([@CIT0261])                                                                                                                                                                                                                                                                                                    
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
                                                  Eicosatrienoic acid ([@CIT0025])                                                                                                                                                                                                                                                                                                                       
                                                  α-linolenic acid ([@CIT0292])                                                                                                                                                                                                                                                                                                                          
                                                  Linoleic acid ([@CIT0292])                                                                                                                                                                                                                                                                                                                             
                                                  Extract w toxin-protective effect ([@CIT0195])                                                                                                                                                                                                                                                                                                         
                                                  *xanthella*                                                                                                                                                                                                                                                                                                                                            Haemagglutinin ([@CIT0080])
                                                  *zofingiensis*                                                                                                                                                                                                                                                                                                                                         Lutein ([@CIT0033], [@CIT0098])
                                                  Astaxanthin ([@CIT0033], [@CIT0098])                                                                                                                                                                                                                                                                                                                   
                                                  Canthaxanthin ([@CIT0289])                                                                                                                                                                                                                                                                                                                             
                                                  Haemagglutinin ([@CIT0080])                                                                                                                                                                                                                                                                                                                            
  *Chlorococcum*                                  *sp*                                                                        D ([@CIT0048])                                                                                                                                                 BL, BP, FZ, MR, BS BP ([@CIT0220])                                                                          Astaxanthine ([@CIT0225], [@CIT0233], [@CIT0415])
                                                  Adonixanthin ([@CIT0415])                                                                                                                                                                                                                                                                                                                              
                                                  Canthaxanthin ([@CIT0415])                                                                                                                                                                                                                                                                                                                             
                                                  Lutein ([@CIT0225])                                                                                                                                                                                                                                                                                                                                    
                                                  y-linolenic acid ([@CIT0278])                                                                                                                                                                                                                                                                                                                          
                                                  *citriforme*                                                                                                                                                                                                                                                                                                                                           Lutein ([@CIT0097])
                                                  *humicolum*                                                                 D ([@CIT0048])                                                                                                                                                                                                                                                             
                                                  *littorale*                                                                 D ([@CIT0388])                                                                                                                                                                                                                                                             Ethanol ([@CIT0387])
                                                  *submarinum*                                                                D ([@CIT0185])                                              D ([@CIT0185])                                                                                                                                                                                                 Glycerol ([@CIT0038])
                                                  *vacuolatum*                                                                D ([@CIT0191])                                                                                                                                                                                                                                                             
  *Chlorogonium*                                  *elongatum*                                                                 D ([@CIT0208])                                                                                                                                                                                                                                                             
  *Chloromonas*                                   *nivalis*                                                                                                                                                                                                                                                                                                                                              Lutein ([@CIT0225])
  Zeaxanthin ([@CIT0225])                                                                                                                                                                                                                                                                                                                                                                                
  *Chlorosarcinopsis*                             *ereme*                                                                     D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Chodatella*                                    *balatonica*                                                                D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Coelastrella*                                  *striolata*                                                                                                                                                                                                                                                                                                                                            Canthaxanthin ([@CIT0001])
  Astaxanthin (Abe *et al*,. 2007)                                                                                                                                                                                                                                                                                                                                                                       
  β-carotene ([@CIT0001])                                                                                                                                                                                                                                                                                                                                                                                
  *Coelastrum*                                    *microporum*                                                                                                                                                                                                                               FS ([@CIT0281])                                                                                             
  *proboscideum*                                  D ([@CIT0036])                                                                                                                                                                                                                             Lutein ([@CIT0097])                                                                                         
  *Coccomyxa*                                     *lacustris*                                                                 D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Cosmarium*                                     *botrytis*                                                                  D ([@CIT0053])                                                                                                                                                                                                                                                             
  *turpinii*                                      D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                         
  *Desmococcus*                                   *olivaceus*                                                                                                                                                                                                                                                                                                                                            Extract w antimicrobial and anticancer activity ([@CIT0282])
  *Desmodesmus*                                   *spp.*                                                                      D ([@CIT0375]a)                                             D ([@CIT0375]a)                                                                                                                                                                                                
  *subspicatus*                                   D ([@CIT0348])                                                              D ([@CIT0348])                                                                                                                                                                                                                                                             
  *quadricauda*                                   D ([@CIT0155]) *(Scenedesmus)*                                                                                                                                                                                                                                                                                                                         
  *Dictyococcus*                                  *pseudovarians*                                                             D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Dunaliella*                                    *sp.*                                                                                                                                                                                    NP ([@CIT0113], [@CIT0304], [@CIT0410])           BP, BS, MR, PL ([@CIT0012], [@CIT0220], [@CIT0304])                                                         Glutathione ([@CIT0227])
                                                  Glycerol ([@CIT0183])                                                                                                                                                                                                                                                                                                                                  
                                                  *bardawil*                                                                                                                                                                               NP ([@CIT0262])                                   FS ([@CIT0344])                                                                                             β-carotene ([@CIT0307])
                                                  Extract w anti-tumor effect ([@CIT0118])                                                                                                                                                                                                                                                                                                               
                                                  Hexadecatetraenoic acid ([@CIT0116])                                                                                                                                                                                                                                                                                                                   
                                                  Linoleic acid ([@CIT0116])                                                                                                                                                                                                                                                                                                                             
                                                  α-linolenic acid ([@CIT0116])                                                                                                                                                                                                                                                                                                                          
                                                  *primolecta*                                                                                                                                                                                                                                                                                                                                           y-linolenic acid ([@CIT0278])
                                                  Pheophoride-like comp w anti-virus activity ([@CIT0278])                                                                                                                                                                                                                                                                                               
                                                  *salina*                                                                                                                                                                                 NP ([@CIT0304], [@CIT0310])                       NS ([@CIT0310])                                                                                             β-carotene ([@CIT0081], [@CIT0157])
                                                  Zeaxanthin ([@CIT0033])                                                                                                                                                                                                                                                                                                                                
                                                  Extract w protective effect against fibrosarcoma ([@CIT0309])                                                                                                                                                                                                                                                                                          
                                                  Extract w antimicrobial activity ([@CIT0160])                                                                                                                                                                                                                                                                                                          
                                                  Glycerol ([@CIT0147])                                                                                                                                                                                                                                                                                                                                  
                                                  α-linolenic acid ([@CIT0031])                                                                                                                                                                                                                                                                                                                          
                                                  *tertiolecta*                                                                                                                                                                                                                              BL, FS ([@CIT0059])                                                                                         Lutein ([@CIT0018])
                                                  β-carotene ([@CIT0018])                                                                                                                                                                                                                                                                                                                                
                                                  Vitamin C ([@CIT0018])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0059])                                                                                                                                                                                                                                                                                                                                 
                                                  Extract w central nervous system effect ([@CIT0396])                                                                                                                                                                                                                                                                                                   
                                                  Hexadecatetraenoic acid (D\'Souza and Loneragan, 1999, [@CIT0133])                                                                                                                                                                                                                                                                                     
                                                  α-linolenic acid (D\'Souza and Loneragan, 1999, [@CIT0133])                                                                                                                                                                                                                                                                                            
                                                  Linoleic acid ([@CIT0133])                                                                                                                                                                                                                                                                                                                             
  *Eudorina*                                      *elegans*                                                                   D ([@CIT0053])                                                                                                                                                 FS ([@CIT0281])                                                                                             
  *Golenkinia*                                    *sp.*                                                                       D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Gonium*                                        *sociale*                                                                   D ([@CIT0053])                                                                                                                                                                                                                                                             
  *Haematococcus*                                 *spp.*                                                                      D ([@CIT0048])                                                                                               NP ([@CIT0236], [@CIT0310])                       NS ([@CIT0236], [@CIT0304])                                                                                 Astaxanthin (Ceron *et al.*, 2007, [@CIT0154], [@CIT0177], [@CIT0186], [@CIT0236])
  *droebakensis*                                  D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
  *lacustris*                                                                                                                                                                                                                                                                                Canthaxanthin ([@CIT0067])                                                                                  
  Astaxanthin ([@CIT0067])                                                                                                                                                                                                                                                                                                                                                                               
  *pluvalis*                                      D ([@CIT0048])                                                                                                                          NP ([@CIT0304], [@CIT0310])                      FS ([@CIT0077], [@CIT0310])                       Astaxanthin ([@CIT0102], [@CIT0186], [@CIT0420])                                                            
  *Halochlorococcum*                              *sp.*                                                                       D ([@CIT0048])                                                                                                                                                                                                                                                             
  *saccatum*                                      D ([@CIT0138])                                                                                                                                                                                                                                                                                                                                         
  *Kirchneriella*                                 *lunaris*                                                                   D ([@CIT0036])                                                                                                                                                                                                                                                             
  *obesa*                                         D ([@CIT0048])                                                                                                                                                                                                                                                                                                                                         
  *Lobochlamys*                                   *culleus*                                                                   D ([@CIT0257])                                              D ([@CIT0257])                                                                                                                                                                                                 
  *segnis*                                        D ([@CIT0403])                                                                                                                                                                                                                                                                                                                                         
  *Micromonas*                                    *sp*                                                                                                                                                                                                                                       BL, BP ([@CIT0220], [@CIT0310])                                                                             
  *pusilla*                                                                                                                                                                                                                                BL ([@CIT0242], [@CIT0241])                       α-Linolenic acid ([@CIT0241])                                                                               
  Stearidonic acid ([@CIT0241])                                                                                                                                                                                                                                                                                                                                                                          
  Neoxanthin ([@CIT0107])                                                                                                                                                                                                                                                                                                                                                                                
  Prasonoxanthin ([@CIT0107])                                                                                                                                                                                                                                                                                                                                                                            
  Micromonal (pigment) ([@CIT0107], [@CIT0216])                                                                                                                                                                                                                                                                                                                                                          
  *Monoraphidium*                                                                                                                                                                                                                                                                                                                                                                                        Astaxanthin ([@CIT0117])
  *Muriella*                                      *aurantiaca*                                                                                                                                                                                                                                                                                                                                           Lutein ([@CIT0097])
  *Muriellopsis*                                  *sp.*                                                                                                                                                                                                                                                                                                                                                  Lutein ([@CIT0039], [@CIT0097])
  α-Linolenic acid ([@CIT0039])                                                                                                                                                                                                                                                                                                                                                                          
  *Nannochloris*                                  *sp.*                                                                                                                                                                                                                                      BP, MR, SC ([@CIT0095])                                                                                     Eicosapentaenoic acid ([@CIT0031])
  *atomus*                                                                                                                                                                                                                                                                                   Eicosapentaenoic acid ([@CIT0313])                                                                          
  α-Linolenic acid ([@CIT0313])                                                                                                                                                                                                                                                                                                                                                                          
  Arachidonic acid ([@CIT0313])                                                                                                                                                                                                                                                                                                                                                                          
  Linoleic acid ([@CIT0313])                                                                                                                                                                                                                                                                                                                                                                             
  *oculata*                                                                                                                                                                                                                                MR, BS ([@CIT0103])                                                                                                                                           
  *Neochloris*                                    *minuta*                                                                    D ([@CIT0048])                                                                                                                                                                                                                                                             
  *oleaobundans*                                                                                                                                                                                                                           BP ([@CIT0020], [@CIT0122])                       Linoleic acid ([@CIT0122])                                                                                  
  Linolenic acid ([@CIT0122])                                                                                                                                                                                                                                                                                                                                                                            
  *Neospongiococcum*                              *spp.*                                                                                                                                                                                                                                                                                                                                                 Astaxanthin ([@CIT0051])
  Canthaxanthin ([@CIT0051])                                                                                                                                                                                                                                                                                                                                                                             
  *gelatinosum*                                                                                                                                                                                                                                                                              Lutein ([@CIT0097])                                                                                         
  *Oocystis*                                      *sp.*                                                                       D ([@CIT0348])                                                                                                                                                 BL, BS ([@CIT0266])                                                                                         α-Linolenic acid ([@CIT0288])
  Linoleic acid ([@CIT0288])                                                                                                                                                                                                                                                                                                                                                                             
  *elliptica*                                                                                                                                                                                                                              FS ([@CIT0281])                                                                                                                                               
  *parva*                                         D ([@CIT0048])                                                                                                                                                                                                                                                                                                                                         
  *Pandorina*                                     *morum*                                                                     D ([@CIT0053])                                                                                                                                                 FS ([@CIT0109], [@CIT0281])                                                                                 
  *Parachlorella*                                 *kessleri*                                                                  D ([@CIT0191])                                                                                                                                                                                                                                                             
  (*Chlorella*)                                                                                                                                                                                                                                                                                                                                                                                          
  *Parietochloris*                                *incisa*                                                                                                                                                                                                                                                                                                                                               Arachidonic acid ([@CIT0416])
  *Pediastrum*                                    *boryanum*                                                                  D ([@CIT0048])                                                                                                                                                 FS ([@CIT0281])                                                                                             
  *duplex*                                                                                                                                                                                                                                 FS ([@CIT0281])                                                                                                                                               
  *Platymonas*                                    *striata*                                                                                                                                                                                                                                                                                                                                              Lutein ([@CIT0108])
  *subcordiformis*                                D ([@CIT0142])                                                              D ([@CIT0142])                                                                                               PL, BL, BP, AL, BS, MR ([@CIT0220], [@CIT0371])   Lutein ([@CIT0108])                                                                                         
  *(Tetraselmis)*                                 Violaxanthin ([@CIT0108])                                                                                                                                                                                                                                                                                                                              
  *tetrahele*                                                                                                                                                                                                                                                                                Lutein ([@CIT0108])                                                                                         
  Neoxanthin ([@CIT0108])                                                                                                                                                                                                                                                                                                                                                                                
  *Prototheca*                                    *moriformis*                                                                                                                                                                                                                                                                                                                                           Vitamin C ([@CIT0323])
  *Pseudokirchneriella*                           *subcapitata*                                                               D ([@CIT0348])                                                                                                                                                 BS, MR ([@CIT0027])                                                                                         α-Linolenic acid ([@CIT0288])
  Linoleic acid ([@CIT0288])                                                                                                                                                                                                                                                                                                                                                                             
  *Pseudospongiococcum*                           *protococcoides*                                                            D ([@CIT0048])                                                                                                                                                                                                                                                             
  *Pyramimonas*                                   *sp*                                                                                                                                                                                                                                       BL, BP ([@CIT0220], [@CIT0310])                                                                             Docosahexaenoic acid ([@CIT0386])
  Lutein ([@CIT0108])                                                                                                                                                                                                                                                                                                                                                                                    
  *amylifera*                                                                                                                                                                                                                                                                                β-carotene ([@CIT0108])                                                                                     
  Siphonaxanthin ([@CIT0108])                                                                                                                                                                                                                                                                                                                                                                            
  *cf. cordata*                                                                                                                                                                                                                                                                              Sterols ([@CIT0296])                                                                                        
  *obovata*                                                                                                                                                                                                                                                                                  β-carotene ([@CIT0108])                                                                                     
  *urceolata*                                                                                                                                                                                                                                                                                Lutein ([@CIT0108])                                                                                         
  *Scenedesmus*                                   *sp*                                                                                                                                                                                                                                       FS, FZ, MR, BR ([@CIT0095], [@CIT0304], [@CIT0383])                                                         Extract w antimicrobial and anticancer activity ([@CIT0343], [@CIT0282])
                                                  Mycosporine-like amino acids ([@CIT0408])                                                                                                                                                                                                                                                                                                              
                                                  *acutiformis*                                                               D ([@CIT0350])                                                                                                                                                                                                                                                             
                                                  *acutus*                                                                                                                                                                                 NP ([@CIT0199])                                   FS ([@CIT0199])                                                                                             α-linolenic acid ([@CIT0003])
                                                  Vitamin B ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin C ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  *almeriensis*                                                                                                                                                                                                                                                                                                                                          Lutein (Ceron *et al.*, 2008, [@CIT0327])
                                                  *armatus*                                                                   D ([@CIT0350])                                                                                                                                                                                                                                                             Lutein ([@CIT0382])
                                                  *bicellularis*                                                              D ([@CIT0350])                                                                                                                                                                                                                                                             
                                                  *communis*                                                                  D ([@CIT0350])                                                                                                                                                                                                                                                             
                                                  *komarekii*                                                                 D ([@CIT0350])                                                                                                                                                                                                                                                             
                                                  *obliquus*                                                                  D (Gaffron and Rubin, 1942)                                                                                                                                                                                                                                                Astaxanthin ([@CIT0306])
                                                  Vitamin B ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin C ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Vitamin E ([@CIT0051])                                                                                                                                                                                                                                                                                                                                 
                                                  Hexadecatetraenoic acid ([@CIT0025])                                                                                                                                                                                                                                                                                                                   
                                                  α-Linolenic acid ([@CIT0025])                                                                                                                                                                                                                                                                                                                          
                                                  Linoleic acid ([@CIT0133])                                                                                                                                                                                                                                                                                                                             
                                                  *quadricauda*                                                               D ([@CIT0155])                                                                                               NP ([@CIT0199])                                   FS ([@CIT0199], [@CIT0281])                                                                                 Haemagglutinin ([@CIT0080])
                                                  (*Desmodesmus)*                                                             α-linolenic acid ([@CIT0003])                                                                                                                                                                                                                                              
                                                                                                                              Sulfonated polysaccharide ([@CIT0261])                                                                                                                                                                                                                                     
                                                                                                                              Vitamin B ([@CIT0025])                                                                                                                                                                                                                                                     
                                                                                                                              Vitamin C ([@CIT0025])                                                                                                                                                                                                                                                     
                                                                                                                              Vitamin E ([@CIT0025])                                                                                                                                                                                                                                                     
                                                                                                                              Extract w antimicrobial/ antifungal activity ([@CIT0002])                                                                                                                                                                                                                  
                                                  *spinosus*                                                                                                                                                                               NP ([@CIT0199])                                   FS ([@CIT0199])                                                                                             
  *Scotiella*                                     *chlorelloidea*                                                                                                                                                                                                                                                                                                                                        Mycosporine-like amino acids ([@CIT0408])
  *nivalis*                                       D ([@CIT0048])                                                                                                                                                                                                                                                                                                                                         
  *Selenastrum*                                   *sp.*                                                                       D ([@CIT0048])                                                                                                                                                                                                                                                             
  *capricornutum*                                                                                                                                                                                                                                                                            Haemagglutinin ([@CIT0080])                                                                                 
  *gracile*                                       D ([@CIT0191])                                                                                                                                                                                                                                                                                                                                         
  *Stichococcus*                                  *sp.*                                                                                                                                                                                                                                                                                                                                                  Mycosporine-like amino acids ([@CIT0189])
  *Tetraedron*                                    *sp.*                                                                                                                                                                                                                                      FS ([@CIT0383])                                                                                             
  *bitridens*                                     D ([@CIT0053])                                                                                                                                                                                                                                                                                                                                         
  *caudatum*                                      D ([@CIT0048])                                                                                                                                                                                                                                                                                                                                         
  *Tetracystis*                                   *intermedium*                                                                                                                                                                                                                                                                                                                                          Lutein ([@CIT0097])
  *tetrasporum*                                                                                                                                                                                                                                                                              Lutein ([@CIT0097])                                                                                         
  *Tetraselmis*                                   *sp*                                                                                                                                                                                                                                       PL, BL, BP, AL, BS, MR, SC (D\'Souza and Loneragan, 1999, [@CIT0220], [@CIT0301], [@CIT0310], [@CIT0421])   Eicosapentaenoic acid ([@CIT0288], [@CIT0313], [@CIT0386])
                                                                                                                                                                                                                                                                                             α-Linolenic acid ([@CIT0288], [@CIT0313])                                                                   
                                                                                                                                                                                                                                                                                             β-carotene ([@CIT0107])                                                                                     
                                                                                                                                                                                                                                                                                             Lutein ([@CIT0107])                                                                                         
                                                                                                                                                                                                                                                                                             Violoaxanthin ([@CIT0107])                                                                                  
                                                                                                                                                                                                                                                                                             Neoxanthin ([@CIT0107])                                                                                     
                                                  *chui*                                                                                                                                                                                                                                     FS, BS, SC, MR, PL ([@CIT0085], [@CIT0103])                                                                 
                                                  *kochinensis*                                                               D ([@CIT0034])                                                                                                                                                                                                                                                             
                                                  *subcordiformis*                                                            D ([@CIT0142])                                              D ([@CIT0142])                                                                                     BL, BP ([@CIT0103])                                                                                         
                                                  *suecica*                                                                                                                                                                                                                                  BL, FS, PL, SC, MR, BS ([@CIT0059], [@CIT0086], [@CIT0088], [@CIT0301], [@CIT0338], [@CIT0353])             Vitamin E ([@CIT0059])
                                                  Sterols ([@CIT0060])                                                                                                                                                                                                                                                                                                                                   
                                                  Linoleic acid (D\'Souza and Loneragan, 1999)                                                                                                                                                                                                                                                                                                           
                                                  α-Linolenic acid (D\'Souza and Loneragan, 1999)                                                                                                                                                                                                                                                                                                        
                                                  Stearidonic acid (D\'Souza and Loneragan, 1999)                                                                                                                                                                                                                                                                                                        
                                                  Eicosapentaenoic acid (D\'Souza and Loneragan, 1999)                                                                                                                                                                                                                                                                                                   
                                                  Hexadecatetraenoic acid (D\'Souza and Loneragan, 1999)                                                                                                                                                                                                                                                                                                 
                                                  *tetrahele*                                                                                                                                                                                                                                FS, BS, SC, MR ([@CIT0103])                                                                                 
                                                  *wettsteinii*                                                                                                                                                                                                                                                                                                                                          β -carotene ([@CIT0107])
                                                  Lutein ([@CIT0107])                                                                                                                                                                                                                                                                                                                                    
  *Tetraspora*                                    *sp.*                                                                       D ([@CIT0240])                                              D ([@CIT0240])                                                                                                                                                                                                 
                                                  *cylindrica*                                                                                                                                                                                                                                                                                                                                           Hexadecaedienoic acid ([@CIT0125])
                                                  Heptadecaedienoic acid ([@CIT0125])                                                                                                                                                                                                                                                                                                                    
                                                  Trimethyl dodecatrienoic acid ([@CIT0125])                                                                                                                                                                                                                                                                                                             
                                                  Extracts w antifungal, antibacterial and phytotoxic activity ([@CIT0125])                                                                                                                                                                                                                                                                              
                                                  *gelatinosa*                                                                                                                                                                                                                                                                                                                                           Trimethyl dodecatrienoic acid ([@CIT0125])
                                                  Heptadecatrienoic acid ([@CIT0125])                                                                                                                                                                                                                                                                                                                    
                                                  Pentadecatetraenoate ([@CIT0125])                                                                                                                                                                                                                                                                                                                      
                                                  Extracts w phytotoxic activity ([@CIT0125])                                                                                                                                                                                                                                                                                                            

The metabolites are produced under different culturing conditions, see text.

D, detected; NP, human consumption for nutritional purposes; HF, hen feed; PL, penaeid shrimp larvae feed; BL, bivalve mollusc larvae feed; ML, freshwater prawn larvae feed; BP, bivalve mollusc postlarvae feed; AL, abalone larvae feed; MR, marine rotifers feed; BS, brine shrimp feed; SC, saltwater copepods feed; FZ, freshwater zooplankton feed; FS, fish feed; NS, organisms not specified.

Some of the species might have changed names since the cited work was published. This has not been taken into account in this study, although in some cases synonyms are presented in parentheses below species names.

Hydrogen production and hydrogen production during sulfur deprivation, refers to species where hydrogen production has been detected, or where expression of hydrogenase enzyme has been seen.

Polyunsaturated fatty acids (PUFA): Hexadecatetraenoic acid 16:4 (ω-3), α-linolenic acid (ALA) 18:3 (ω-3), Stearidonic acid (STD) 18:4 (ω-3), Eicosapentaenoic acid (EPA) 20:5 (ω-3), Eicosatrienoic acid (ETA) 20:3 (ω-3), Docosahexaenoic acid (DHA) 22:6 (ω-3), γ-linolenic acid (GLA) 18:3 (ω-6), Linoleic acid (LA) 18:2 (ω-6), Arachidonic acid (AA) 20:4(ω-6), Trimethyl-dodecatrienoate (15:3), Hexadecaedienoic acid (16:2), Heptadecaedienoic acid (17:2), Heptadecatrienoic acid (17:3), Pentadecatetraenoic acid (15:4).

Valuable metabolites listed in the table include components that are either produced in high amounts under stress conditions, or components that are produced under environmental conditions optimal for growth. In the case of carotenoids and fatty acids, the listed variants of these are in some cases produced in high amounts by the specific algae compared to the production by other algae species, in other cases represent dominant variants within the strain. See cited papers for details in each case.

Some basic reactions of *Chlamydomonas* to major nutrient limitation are reviewed by Grossman, (2000). Nutrient limitation, in combination with other forms of stress factors, often causes a synergistic effect where the cells need to apply more efficient stress reactions and adaptation strategies in order to survive the stressful conditions. Exposure to a combination of light stress and nutrient limitation has, for example, been studied extensively ([@CIT0010]; [@CIT0100]; [@CIT0102]; [@CIT0121]; [@CIT0272]; [@CIT0352]).

The effects of sulfur limitation in green algae have recently been studied more specifically. One of the reasons for this is that sulfur limitation also can lead to photoproduction of hydrogen in green algae, a mechanism that has been studied intensively ([@CIT0126]; [@CIT0252]). This process is described in detail in the Section "Hydrogen production". While some species have shown the ability to produce significant amounts of hydrogen during S-deprivation (see [Table 1](#T1){ref-type="table"}), other species have been explored and found not to have this ability, like for example *Dunaliella salina* ([@CIT0056]).

Nutrient limitation can cause a number of different stress reactions, leading to production of for example high amounts of secondary carotenoids and PUFA. There are indications that also products with haemagglutinating activity are induced by nutrient deprivation. The oxidative stress caused by nutrient limitation is likely to induce production of antioxidants of different kinds, one example being induction of Vitamin E production during N-limitation ([@CIT0105]). In general, production of carotenoids as antioxidants during nutrient deprivation is extensively studied in green algae ([@CIT0096]; [@CIT0177]).

Hydrogen production {#s15}
===================

A large number of algae species have shown the ability to produce hydrogen gas, some of which are listed in [Table 1](#T1){ref-type="table"}, although the majority of research on hydrogen production from green algae has been performed with the model organism, *Chlamydomonas reinhardtii*. The ability of algae to produce hydrogen from solar energy has been explored for many years, and different methods have been developed and evaluated.

A prerequisite for hydrogen production from algae has been to create an anaerobic environment. This can allow the highly oxygen sensitive hydrogen producing enzyme FeFe-hydrogenase to be induced and remain active throughout the anaerobic phase, as discussed below.

The perhaps simplest method for inducing hydrogen production in green algae is to create anaerobic conditions by physically or chemically removing oxygen from the culture medium. This can be done for example by adding a sodium dithionite solution, which will reduce the oxygen and thereby create a chemically induced anaerobic culture condition. Another approach is to physically remove the oxygen by aerating the culture with an inert gas like N~2~ or Ar. These methods can also be combined ([@CIT0406]), and are suitable for screening species of algae for the ability to produce hydrogen. A quick and simple method like this for inducing hydrogen production can be applied prior to more elaborate experiments, which are performed with species that are new or unexplored in respect to hydrogen production.

Alternatively, hydrogen production can be induced by creating an anaerobic environment during dark incubation. By incubating the culture in darkness, the photosynthesis and oxygen production will pause and the remaining oxygen in the culture will be used up by the respiration. By cycling the culture between light and dark intervals, algal biomass can be built up by photosynthesis in the light phase, and consumed by fermentative reactions in the dark phase. This method was found to be efficient in combination with fermentation of organic compounds during light by phototrophic bacteria ([@CIT0200]; [@CIT0259]).

However, during the last decade the most well studied method for hydrogen production from green algae has been hydrogen production in the light during sulfur deprivation. This method, which was discovered in *Chlamydomonas reinhardtii* by Melis and co-workers ([@CIT0128]; [@CIT0255]), takes advantage of stress reactions that are implemented by the algae in order to survive an environment without sulfur. When some green algae are deprived of sulfur, they will enter into a state where release of energy in the form of hydrogen is part of a survival mechanism in order to survive this form of environmental stress.

As described in the Section "Nutrient limitation", algae that are deprived of a major nutrient will start several emergency reactions, including enhanced uptake systems of the nutrient from the environment, and breakdown of intracellular compounds which are no longer needed, but which contain the nutrient. When major nutrients are missing, the algae can no longer multiply, and production of structural components, like certain proteins, lipids and carbohydrates, will stop. During sulfur deprivation, there will be a specific degradation of RuBisCO, which contains a high amount of sulfur, resulting in an inactivation of the Calvin cycle ([@CIT0417]b). The RuBisCO pool of the *Chlamydomonas* chloroplast has been estimated to contain the equivalent of 50mM sulfur ([@CIT0141]). A few days after the algae have been deprived of sulfur, this enzyme is degraded more rapidly than the total protein content ([@CIT0417]b). However, during the first 1-3 days of sulfur deprivation, there may be a specific increase in the cellular contents of starch ([@CIT0159]). At the same time, there will be a gradual inactivation of the PSII reaction center, caused by several factors. A sulfolipid in the thylakoid membrane associated with PSII is specifically degraded during the first hours of sulfur deprivation. This is believed to function as a source of sulfur to maintain the synthesis of essential enzymes, and contributes to a partial inactivation of the PSII complex ([@CIT0330]; [@CIT0362]). A light inhibition of PSII occurs as described in the Section "Light intensity". No similar inhibition is seen in PSI in this situation. The partial inactivation of PSII means that the oxygen production in PSII also is partly impaired. When the algae are deprived of sulfur, the oxygen production from PSII is sufficiently low to enable the respiratory oxygen consumption in mitochondria to turn the culture anaerobic ([@CIT0009]). In this situation, when the Calvin cycle has stopped and can no longer function as a sink for carbon and energy, the system is in a reduced state and the cells will be dependent on releasing electrons from the system in order to prevent oxidative damage.

To release the reductive pressure in this anaerobic environment, some algae are able to produce hydrogenases that catalyze the production of hydrogen by receiving electrons from ferredoxin ([@CIT0235]). There are mainly two possible light dependent routes for electrons to reach hydrogen production: Electrons can either originate from the water splitting complex of PSII (PSII dependent pathway), or from fermentation products from the degradation of starch, which enter into the thylakoid electron transport chain through the PQ pool (PSII independent pathway) ([@CIT0074]). It has been shown that hydrogen production during sulfur deprivation is closely linked to starch contents of the cells. Inhibition of starch synthesis has led to a significant decrease in hydrogen production ([@CIT0297]), and increased starch reserves in the cells have had influence on increased hydrogen production ([@CIT0210]). Some studies have indicated that the main source of electrons are the PSII water splitting and that starch contributes by increased metabolism ([@CIT0011]; [@CIT0074]), while others indicate that the electrons are likely to originate from a combination of the two pathways ([@CIT0159]). Some studies have shown that in the early stages of sulfur deprivation, most of the electrons originate from water splitting through the direct pathway, while this amount decreases significantly during the final stages of sulfur deprivation ([@CIT0217]). However, the reactions linked to electron transport from original donor to hydrogen form a very complicated process where there still are many uncertainties. [Figure 3](#F3){ref-type="fig"} provides a simplified overview of the basic principles of hydrogen production during sulfur deprivation, as it has been explored in *Chlamydomonas reinhardtii*, see the above mentioned studies for thorough discussions on this issue. The correlation between starch content and hydrogen production efficiency seen in *Chlamydomonas reinhardtii* could indicate that species with the ability to accumulate large amounts of intracellular starch also might be suitable for an efficient hydrogen production process. Examples of species that can accumulate large amounts of starch during sulfur deprivation are, in addition to *Chlamydomonas, Chlorella*sp. such as *Chlorella sorokiniana*. This species is also able to produce significant amounts of hydrogen during the same conditions ([@CIT0065]; [@CIT0320]).

![Schematic overview of suggested mechanisms for hydrogen production during sulfur deprivation in light, as it has been described for *Chlamydomonas reinhardtii*. Deprivation from sulfur leads to a degradation of PSII components, which partly inhibits the oxidation of water, and less oxygen is thereby produced in the photosystem. The low level of oxygen that is still produced in PSII is continuously consumed by the respiration, and the culture becomes anaerobic. Sulfur deprivation also leads to degradation of the enzymes in the Calvin cycle, causing this CO~2~ fixation pathway and energy sink to come to a halt. When the Calvin cycle is no longer available for reducing CO~2~, the whole system of PSII and PSI is reduced, creating a potentially dangerous situation for the algae. To remove the reductive pressure, the algae dispose of the electrons by transferring electrons from ferredoxin to hydrogenase. This enzyme then uses the reductive energy to form hydrogen which can easily be released from the cell. Depending on culturing conditions and other factors, a certain amount of electrons released in the form of hydrogen may originate from degradation of starch. This reducing power enters the electron transport chain from the PQ pool.](BTN-33-172-g003){#F3}

For a practical implementation of this method for producing hydrogen from algae, several different solutions have been proposed and tested. The most common suggestion has been a two-stage process whereby batch cultures are grown aerobically in the first stage, followed by a second stage where the algae are deprived of sulfur and produce hydrogen in an anaerobic environment ([@CIT0255]). The algae can be collected from the growth phase by for example centrifugation and transferred to a separate reactor for hydrogen production or, alternatively, sulfur can be removed by dilution techniques ([@CIT0219]). In such systems, the algae may produce hydrogen for 1--2 weeks, leaving the excess biomass for recycling or use for other purposes. The first stage of the system can take place in an open or closed reactor. The second step must be performed in a strictly anaerobic environment, which not only must be optimized to supply the best physical conditions for the culture, but also must be optimized for collection of the produced hydrogen gas. Different setups for this method have been discussed previously ([@CIT0115]; [@CIT0149]; [@CIT0251]).

Prolonged hydrogen production has been obtained in S-deprived cultures by re-addition of sulfur. By re-adding small amounts of sulfur, the algal cells were able to recover from the stress reaction and reactivate PSII temporarily without creating an aerobic environment ([@CIT0204]). When small amounts of sulfur were re-added to sulfur-deprived cultures at regular intervals, the cells were allowed to reconstitute themselves. Re-addition of sulfur five times over a period of one month gave a three to four times increase in total hydrogen production compared to a culture with no re-addition ([@CIT0198]). The possibilities for establishing continuous systems for hydrogen production have also been explored. By using a two-stage chemostat bioreactor, and continuous dilution of the hydrogen producing culture with fresh cells and small amounts of sulfur, hydrogen production was maintained for a total of five and a half months ([@CIT0111]). Immobilization of algal cells on a solid phase made of glass has also been used to obtain a continuous hydrogen production during 90 days ([@CIT0218]). Alginate has also been used as a matrix for immobilization of hydrogen producing cells, and this method has led to increased specific hydrogen production activity and better tolerance against oxygen compared to non-immobilized cultures ([@CIT0207]).

Initial experiments in this field all used cultures grown under photoheterotrophic or photomixotrophic conditions, using acetate as a carbon source for *Chlamydomonas reinhardtii*. Later studies have shown that algae grown under photoautotrophic conditions are also able to accumulate starch and produce significant amounts of hydrogen ([@CIT0378]; [@CIT0381]).

A significant amount of research has been performed to explore culture conditions for hydrogen production from green algae, mainly *Chlamydomonas reinhardtii*. It is clear that many environmental factors, such as light intensity, temperature, pH, nutrient composition, as well as cell density and cell age can have a significant effect on the efficiency of hydrogen production ([@CIT0148]; [@CIT0179]; [@CIT0196]; [@CIT0197]; [@CIT0205]; [@CIT0206]; [@CIT0379]). Light intensity was shown to have a considerable effect on the total hydrogen production under both autotrophic and heterotrophic sulfur deprived conditions. Light intensities below optimum gave, under heterotrophic conditions, a longer lag-phase before the culture became anaerobic and thereby a shorter hydrogen production period, in addition to a lower specific hydrogen production rate. Light intensities above optimum gave a shorter lag-time before anaerobiosis, but a lower specific hydrogen production rate ([@CIT0196]). During autotrophic conditions, hydrogen production was shown to be highly dependent on light intensities both during pre-growth of the cultures and during the oxygen consumption- and hydrogen production phases. The optimal hydrogen production occurred using low light intensities during pre-growth and higher light intensities during the oxygen consumption stage. This allowed for a temporal degradation of PSII activities and accumulation of a high amount of starch. A lower intensity during the hydrogen production stage allowed for a maintained production. Light intensities above optimal led to an irreversible inactivation of PSII ([@CIT0378]; [@CIT0381]). It has also been shown that small changes in pH can have a marked effect on hydrogen production, possibly caused by implications on the degradation of PSII or changes in starch accumulation ([@CIT0205]; [@CIT0378]).

Possibilities for optimization of the hydrogen production process are explored by many researchers, and there is a significant attention towards gene modification. Gene modification issues are not addressed in this review, other than in general terms. However, some significant possibilities should be mentioned, for example, modifications of the hydrogenase enzyme itself. Studies have been performed to create a more oxygen tolerant system by screening activity of random mutations ([@CIT0114]), by using gene shuffling techniques ([@CIT0267]), and studies of possibilities for narrowing oxygen channels ([@CIT0127]). Other approaches include mutations for increased starch accumulation, and state transition block in state 1, leading to an inhibition of cyclic electron transport around PSI, an approach which has led to a five times increase in hydrogen production compared to the wild type of *Chlamydomonas reinhardtii* ([@CIT0210]). Additionally, worth mentioning is the possibility of creating a sulfur deprived environment inside the chloroplast by impairing the sulfate transport systems ([@CIT0071]; [@CIT0232]), and generation of strains with truncated light-harvesting chlorophyll antenna size ([@CIT0253]). Further possibilities for an efficient hydrogen production process in the future, using molecular biology and gene modifications, might be within the field of synthetic biology ([@CIT0291]), see also the Section "Summary and perspectives".

Even if the majority of research on hydrogen production by sulfur deprivation has been performed on *Chlamydomonas reinhardtii*, other wild type species of green algae have also been explored in this respect and found to produce hydrogen under these conditions ([@CIT0065]; [@CIT0142]; [@CIT0257]; [@CIT0348]; [@CIT0375]a). These species are listed in [Table 1](#T1){ref-type="table"}. In many of these cases, no attempts have yet been made to optimize the conditions for hydrogen production from each individual species and, at the moment, there are no strong indications that *Chlamydomonas reinhardtii* should be the most promising species if a wild type was to be used in such a process.

A total of about 70 species of green microalgae from more than 30 genera, which are reported to have the ability to produce hydrogen, are listed in [Table 1](#T1){ref-type="table"}. This study aims to explore the possibility of finding species of algae capable of producing hydrogen and other valuable products in the same process.

Analysis of current knowledge, potential products from algae {#s16}
============================================================

[Table 1](#T1){ref-type="table"} presents, in addition to hydrogen producing species, a selection of species of green microalgae with the ability to produce metabolites of industrial/pharmaceutical interest. The major products from green microalgae with industrial use today include carotenoids and algal biomass for health food and aquaculture. These are at present obtained from a very limited number of species, as described in the Section "Present commercial uses of green microalgae". However, the table gives an indication of the high number of species that are already known to be able to perform useful processes. The useful properties included in the table are hydrogen production during anaerobic induction, hydrogen production during sulfur deprivation, relatively high production of many different carotenoids, vitamins, other antioxidants, glycerol, PUFA, mycosporine-like amino acids (MAA), haemagglutinin, polysaccharides and other extracts with anticancer, antimicrobial and anti-inflammatory activity, in addition to several other medical activities. The species listed in [Table 1](#T1){ref-type="table"} have shown production of the given metabolites during either normal conditions or under environmental stress. However, there are no indications that the ability to produce high amounts of these metabolites is restricted to the species listed in this table. Also included in [Table 1](#T1){ref-type="table"} are species in use today for health food and aquaculture/animal feed purposes.

Antioxidants in general {#s17}
-----------------------

Microalgae are often exposed to high oxygen levels and irradiance stress and, as a result, these organisms have developed defense systems in the form of antioxidants to prevent damage to the cells. Antioxidants are produced by algae in large amounts under certain stressful conditions in order to protect the photosynthetic cells from oxidative stress. Oxidative stress refers to a situation where ROS, such as hydrogen peroxide and oxygen derived free radicals, are produced and can start a chain reaction and cause damage to the cellular systems. ROS are produced when the photosystems absorb more energy than can either be transferred by the electron transport chain to an electron acceptor, or dissipated as heat.

ROS can damage DNA, proteins and lipids in all living organisms; oxidative stress leads to severe health problems in humans and animals. Oxidative damage is linked to aging, atherogenesis, cancer, neurodegenerative diseases, infant retinopathy, macular degeneration and renal failure, along with other problems ([@CIT0137]; [@CIT0143]; [@CIT0290]). Dietary intake of antioxidants from algae has shown the ability to limit or prevent certain health problems, as described below. Studies in plants have showed that transgenic overproduction of antioxidants is in many cases a poor strategy for protection against stressful conditions ([@CIT0234]), implying that additional mechanisms are required to handle the stress.

Many substances found in algae have antioxidant effects. The major group of antioxidants in algae is carotenoids, but there are also significant amounts of other antioxidants such as Vitamin C, Vitamin E, BHT and others. Antioxidants have been attributed many medical effects, as described in the Sections "Carotenoids" and "Other antioxidants". Although there is a considerable number of studies concluding that antioxidants have positive health effects in humans and animals, some of these studies have been disputed, to the effect that dietary supplements of Vitamin A, Vitamin E and β-carotene in adults may in fact increase mortality when large doses are used ([@CIT0037]; [@CIT0290]).

Carotenoids {#s18}
-----------

Carotenoids are lipophilic pigments with isoprenoid structure that occur widely in nature. Many carotenoids show a strong antioxidant effect that is used to protect the organisms against oxidative stress.

All carotenoids directly involved in photosynthesis are called primary carotenoids. Secondary carotenoids, however, are present in the cells as a response to different environmental factors, like exposure to high light intensity, nutrient deprivation, temperature changes, high or low pH, high salinity and oxidative stress. Examples of primary carotenoids are α-carotene, β-carotene, lutein, violaxanthin, zeaxanthin and neoxanthin, while typical secondary carotenoids include astaxanthin, canthaxanthin and echinenone ([@CIT0225]). Primary carotenoids are typically localized in the thylakoid membrane, while secondary carotenoids are also located in lipid vesicles in the cytosol or the chloroplast stroma. Secondary carotenoids, although produced in the chloroplast, are often transported into the cytoplasm where they react with fatty acids to form carotenoid esters. These hydrophobic molecules accumulate, together with other secondary carotenoids, into extraplastidial lipid globules. For example, overproduction of astaxanthin in *Haematococcus* leads to accumulation of astaxanthin in oleic acid rich triacylglycerol (TAG) globules in the cytoplasm ([@CIT0178]; [@CIT0419]). However, when β-carotene is overproduced, like for example in *Dunaliella bardawil* during light stress or under nutrient limitation, this pigment also functions as a secondary carotenoid and is accumulated in TAG droplets inside the chloroplast ([@CIT0307]). The production of β-carotene and TAG are interdependent, suggesting that TAG functions as a carotenoid sink under environmental stress conditions which helps to avoid end-product inhibition of the carotenoid pathway.

Carotenoids can also be divided into carotenes, which are non-polar molecules, and xanthophylls which are more polar. Many of the xanthophylls are primary carotenoids and are bound with chlorophyll to the proteins in the light harvesting complex (LHC) where they function as light harvesting pigments that transfer excitation energy to the chlorophylls. Xanthophylls also have an important role in protection against oxidative damage ([@CIT0033]).

As mentioned above, carotenoids protect against oxidative stress, and are therefore induced under stressful conditions. Reactive oxygen species trigger up regulation of genes coding for production of carotenoids ([@CIT0228]). In *Chlorella zofingiensis*hydroxyl radicals, as ROS formed during stress conditions, lead to increased production of astaxanthin ([@CIT0172]). It has been suggested that not only the astaxanthin molecules themselves, but also their synthesis pathway, can serve as protection mechanisms against oxidative stress in *Haematococcus* ([@CIT0165]).

Production of carotenoids is regulated by interplay of the different environmental factors listed above and described in the Section "Analysis of current knowledge, stress and adaptation mechanisms". In many cases several stress factors have to be present in order to induce an optimal production of these valuable metabolites. As an example, studies of β-carotene in *Dunaliella* have shown that nutrient limitation is essential for a high production, but when this condition is in place, the production can be increased by high light intensity and/or high salinity ([@CIT0081]). Another example is *Chlorella zofingiensis*, where the increased production of astaxanthin under nitrogen limitation is dependent on light stress, while the production of canthaxanthin can be increased by nitrogen limitation and salt stress, without high light exposure ([@CIT0289]).

As illustrated in [Figure 4](#F4){ref-type="fig"} and described above, carotenoid production in algae can be increased by stress factors such as high light intensity, nutrient limitation, high salt concentrations and temperature stress.

![Graphic summary of the most common stress reactions having influence on the synthesis of some important valuable metabolites in green algae.](BTN-33-172-g004){#F4}

### Applications {#s19}

Humans and animals are incapable of synthesizing carotenoids, and therefore depend on obtaining them through their diet. Despite of this, carotenoids occur commonly in important roles of different animals, often giving red or orange color in for example salmon, flamingoes and shellfish. In humans, some carotenoids have Vitamin A activity, in addition to general antioxidant functions ([@CIT0336]).

The carotenoids lutein and zeaxanthin are necessary for our vision to function normally, due to their roles in the yellow spot of the human retina. The amount of macular pigment correlates with the incidence of age-related macular degeneration, which is the major cause of blindness in the elderly ([@CIT0209]). Lutein is responsible for pigmentation in fish and poultry, and is therefore sold as a feed additive. This pigment is also used as a colorant in cosmetics and food products (E161b) ([@CIT0178]). High amounts of lutein can be produced by species like *Muriellopsis* sp. and *Scenedesmus almeriensis*; the production per cell has been observed to be induced by e.g. high temperature ([@CIT0097], [@CIT0096]). However, the total production of lutein in the cultures was in these cases lower due to decreased growth rates. The same tendency has also been seen in respect to pH in *Chlamydomonas zofingiensis*and *Dunaliella salina*. The maximum level of lutein in the culture was observed when the measured pH was close to the optimum of growth, while the optimum content of lutein per cell was produced under low and high pH ([@CIT0178]).

The secondary carotenoid canthaxanthin is used as a food dye (E161g), giving color to egg yolks and chicken skin; dietary supplements to poultry have been shown to be associated with increased vitamin E contents of the liver ([@CIT0364]). Canthaxanthin is known to have antioxidative, anti-inflammatory and neuroprotective effects ([@CIT0066]). It is produced in large amounts by algae such as *Coelastrella striolata* ([@CIT0001]) and *Chlorella zofingiensis* ([@CIT0289]) under salt stress and N-deprivation.

Astaxanthin is a carotenoid that causes the red color in salmon and shellfish, and these organisms are dependent on obtaining this pigment through their diet. The most well-known algal producer of astaxanthin is *Haematococcus pluvialis*, which is often used as a dietary supplement in aquaculture. High irradiance stimulates production of astaxanthin ([@CIT0150]), while the production of lutein can decrease under high light intensity ([@CIT0097]). This difference can be explained by the fact that lutein is a primary carotenoid that is used directly in light harvesting, while astaxanthin, being a secondary carotenoid, is produced to protect the organism from oxidative stress. Major factors determining production of astaxanthin are high light intensity and nutrient deficiency ([@CIT0096]; [@CIT0154]).

The most important function of astaxanthin is its role as an antioxidant. Oxidative stress can cause many different health problems in humans and other organisms, but can be prevented by dietary intake of powerful antioxidants like astaxanthin (E161j). Intake of astaxanthin in humans or other mammals has been shown to reduce inflammation and help to fight ulcer caused by *Helicobacter pylori* ([@CIT0184]); affect cholesterol levels in the blood, which could benefit heart health ([@CIT0279]); protect liver cells from oxidative damage ([@CIT0201]); improve immune response by enhancing the production of immunoglobulin and antibodies ([@CIT0182]; [@CIT0287]). The effect of astaxanthin on cancer in mammals has been thoroughly studied, and examples of effects are protection against cancer in colon, urinary bladder, mouth, and direct reduction of tumor growth ([@CIT0181]; [@CIT0286]). Astaxanthin has also been shown to prevent obesity ([@CIT0169]), and effect on age-related cognitive function in humans has been indicated ([@CIT0331]). Subjective evaluation by patients with back pain and muscle pain concluded that astaxanthin relieved pain as good as, or better than over-the-counter drugs. Health benefits from oral intake of astaxanthin have been summarized in [@CIT0143]. Astaxanthin has no provitamin A activity after dietary intake, as opposed to β-carotene ([@CIT0182]).

β-carotene is an important food coloring agent (E160), and is produced in large amounts by *Dunaliella salina*. It is used for human food, aquaculture feed and animal feed, and as addition to cosmetics. β-carotene is also a strong antioxidant, although not as powerful as astaxanthin ([@CIT0182]). β-carotene is converted to retinol (Vitamin A) in the body, a vitamin which is essential for humans. Dietary intake of β-carotene has a high number of health effects. Vitamin A is important for sustaining vision and preventing eye diseases, preventing different skin conditions and helping the immune system. Oral intake of β-carotene from *Dunaliella* can prevent UV-induced erythema in humans ([@CIT0156]). β-carotene has antioxidant activities and has been shown to prevent cancer, heart disease, degenerative disease and arthritis ([@CIT0104]).

β-carotene and other carotenes are not absorbed by the body as efficiently as the oxygenated, more polar xanthophylls. However, β-carotene produced by algae is absorbed better by the body compared to artificial synthesized β-carotene. This is due to the fact that algae produce a combination of *cis*- and *trans*-isomers of β-carotene, while mainly the *trans*-forms are produced synthetically ([@CIT0412]). Like other antioxidants, many carotenoids are claimed to have anti-cancer activity ([@CIT0064]; [@CIT0258]), as described in the Section "Other antioxidants".

All wild types of green microalgae are likely to show an increase in secondary carotenoid content under certain stress conditions. [Table 1](#T1){ref-type="table"} lists a selection of species that have been specifically studied in this respect and found to produce relatively high amounts of the given pigment.

Other antioxidants {#s20}
------------------

### Vitamin E {#s21}

Many algae have high content of vitamins ([@CIT0025]; [@CIT0055]; [@CIT0323]). α-/β-Tocopherol/α-Tocothrienol (Vitamin E) are fat soluble phenols with antioxidant activity. They are produced in high amounts by algae such as *Dunaliella tertiolecta*and *Tetraselmis suecica* ([@CIT0059]), and the production of vitamin E can be increased by stressful conditions such as N-deprivation ([@CIT0105]). These vitamin compounds are claimed to have activities against cancer, heart disease, eye disease, Alzheimer's disease, Parkinson's disease and other medical activity ([@CIT0290]). They also have applications in the food industry, as a preservative and health improving additive (E306), and as photoprotection in skin cream ([@CIT0006]). Total phenol content has been measured in *Chlamydomonas nivalis* and found to be induced by UV-C exposure ([@CIT0106]).

### Vitamin C {#s22}

Ascorbic acid (Vitamin C) is a water soluble vitamin with antioxidant activity. It is produced in high amounts in algae such as *Chlorella* sp. and *Dunaliella* sp. ([@CIT0018]; [@CIT0323]), and its production can be increased by high light exposure ([@CIT0018]). Vitamin C is essential for collagen, carnitine and neurotransmitters biosynthesis. It is used as a food additive (E300) and its health beneficiary effects include activity against cancer, atherosclerosis and as an immunomodulator. This vitamin has antioxidant activity that works synergistically with Vitamin E. However, both of these vitamins have been disputed in regards to safety, for example is a high intake of dietary supplements claimed to increase mortality and risk of cancer ([@CIT0290]).

### Butylated hydroxytoluene {#s23}

BHT is a lipophilic antioxidant which can be produced in high amounts in *Botryococcus braunii* ([@CIT0015]). BHT is used as a food additive (E321), or antioxidant additive in other products, but it is usually obtained synthetically ([@CIT0057]).

### Glutathione {#s24}

Glutathione is a non-protein thiol compound with activity as antioxidant, immunity booster and detoxifier; it is one of the most potent anti-virus agents known. Deficiency of glutathione is related to a long range of human diseases ([@CIT0404]). It is used as a pharmaceutical compound, but has also potential for use in food production and cosmetic industry. The main industrial production today comes from yeast, but *Dunaliella* sp. has also been seen to produce a high amount of glutathione ([@CIT0227]; [@CIT0345]). Although little has been done to determine which conditions one should apply to a culture in order to get an optimal production from algae, its function as an antioxidant indicates that glutathione can be induced by factors producing oxidative stress as explained in the Section "Analysis of current knowledge, stress and adaptation mechanisms".

Fatty acids and their derivatives {#s25}
---------------------------------

Fatty acids can, for example, occur in the cells as glycolipids and phospholipids forming the cellular membranes, or as storage products in the form of TAG ([@CIT0164]). Chloroplast membranes are dominated by glycolipids, while phospholipids and other lipids dominate extra-chloroplast membranes ([@CIT0363]). Fatty acids are either saturated or unsaturated, defined by the presence of double bonds. TAG serves no structural function and is mostly present in the cell as a storage product for energy and carbon storage. In some cases, TAG may also have a role in protection against oxidative stress ([@CIT0164]). For practical use of the biomass and extraction of the lipids, it is important to know how the fatty acids are bound in the cell; this will not be addressed in this review.

Essential fatty acids (EFA) are PUFAs involved in biological processes, but not synthesized in animal cells. These fatty acids are a necessary part of the diet, and lack of this nutrient can cause severe damage to the organism. They are, however, produced by algae and, in some cases, in large amounts ([@CIT0414]).

The truly essential fatty acids are linoleic acid (LA) (18:2 omega-6) and α-linolenic acid (ALA) (18:3 omega-3). Both humans and animals are dependent on obtaining these from the diet, and they are used as starting points for building longer chains of fatty acids. Because they are used by many biological processes, the following fatty acids are often also referred to as essential: AA (20:4 omega-6), EPA (20:5 omega-3), DHA (22:6 omega-3) and γ-linolenic acid (GLA) (18:3 omega-6) ([@CIT0324]).

Food supplements of omega-3 fatty acids are known to have many beneficiary health effects. They have for example anti-inflammatory, anti-thrombotic, anti-arrhythmic, hypolipidemic and vasodilatory properties. These beneficial effects of omega-3 fatty acids have been shown in the secondary prevention of coronary heart disease, hypertension, type 2 diabetes, and in some patients with renal disease, rheumatoid arthritis, ulcerative colitis, Crohn's disease, and chronic obstructive pulmonary disease ([@CIT0346]). Omega-3 fatty acids have also shown positive effects on infant development, cancer and mental illness such as depression, ADHD and dementia ([@CIT0319]).

Many green algae are able to produce a high amount of lipids; an average of 23% (dry cell weight) of lipids has been detected in a selection of green algae, without stress-exposure. During nutrient deprivation, the lipid contents per cell increases in many species of green microalgae, while others react by producing starch ([@CIT0140]). Lipid production in algae is also affected by autotrophic versus mixotrophic growth, where autotrophic growth tends to give higher cellular content of lipids, but lower total production of lipids in the culture ([@CIT0229]), and less relative amount of PUFA ([@CIT0294]). Many algae produce predominantly saturated or mono-unsaturated fatty acids ([@CIT0025]), although many will also produce a significant proportion of unsaturated fatty acids that are preferred for nutritional use of the algal biomass. For example will N-deprivation of *Parietochloris incisa* lead to an increase, not only in the total lipid content, but to a relative increase in the content of AA ([@CIT0352]).

Lower temperatures tend to promote increasing unsaturation of fatty acids ([@CIT0162]; [@CIT0366]), as a way of maintaining fluidity of membranes and thereby maintaining cellular processes. Temperature tends to affect the composition of fatty acids rather than the total amount of lipids in the cell ([@CIT0163]). Higher level of saturated acids have been seen at low pH in acidotolerant strains of *Chlamydomonas*, possibly as an adaptation to avoid too high membrane fluidity ([@CIT0372]). High salt concentration leads to higher ratio of unsaturated fatty acids in microsomes of halotolerant *Dunaliella*, this is suggested to be linked with adaptation to high intracellular glycerol levels ([@CIT0014]). Studies from other algae have shown that high salt concentrations may decrease the proportions of unsaturated fatty acids, as well as a total decrease in TAG content ([@CIT0031]; [@CIT0069]). Light intensity can also have effect on the proportion of fatty acids. High light intensity can cause production of more saturated and mono-unsaturated fat, while low light intensity may induce formation of PUFA. Algae in stationary phase often produce more TAG, and a lower relative amount of PUFA ([@CIT0164]). UV exposure has shown to suppress PUFA synthesis ([@CIT0130]; [@CIT0161]). Metabolism of important lipids has been reviewed by [@CIT0145].

Certain PUFAs are of particular interest, and species of green algae known to produce high amounts of these are listed in [Table 1](#T1){ref-type="table"}. However, many species that are able to produce high amounts of lipids have not been analyzed in detail, and production of specific PUFAs have therefore not been identified in all algae that could turn out to be important producers ([@CIT0164]).

Arachidonic acid can, for example, be produced in large amounts by some green algae. The most efficient producer of this lipid is the green algae *Parietochloris incisa*, where the cell can contain AA up to 20% of the biomass under N-limiting conditions ([@CIT0193]). *Parietochloris incisa* is resistant to low temperatures. AA resides in TAG storage globules in the cell, and can be transported with the TAGs to cell membranes when temperature decreases ([@CIT0035]). Incorporating AA into the cell membrane when temperature decreases is a mechanism for protection against cold stress, as described in the Section "Temperature". AA-rich TAGs from the microalga *Parietochloris incisa* have shown medical effects on recovery from infection ([@CIT0194]). EPA is being produced in high amounts by for example the marine green alga *Chlorella minutissima*, and the production of this fatty acid can be increased by reduced temperature and increased salinity ([@CIT0339]).

In some cases unsaturated fatty acids from algae can have an inhibitory effect on other aquatic microorganisms. For example, a mixture of the fatty acids α-linolenic, oleic and linoleic acid extracted from *Botryococcus braunii* showed a toxic effect on several aquatic organisms ([@CIT0072]). Extracts of the C18 fatty acids linolenic, linoleic and oleic acid from *Chlamydomonas reinhardtii* had a toxic effect on other organisms, including algae species, by reducing growth rate and increasing mortality ([@CIT0249]; [@CIT0356]). Linolenic acids from *Chlorococcum*and *Dunaliella* can act as antibiotics against microorganisms ([@CIT0278]). There are several mechanisms that may explain these inhibitory effects. Oxidation products from the breakdown of fatty acids like aldehydes, alcohols or others can be the inhibiting factor, or the fatty acids may have a direct regulatory role in the enzymatic activities ([@CIT0168]). Production of inhibiting substances in general makes it possible for the species to dominate in their environment.

Other lipids include sterols, which are a group of lipids important as nutrition for aquaculture organisms ([@CIT0122]). They are produced in significant amounts in green algae like for example *Tetraselmis suecica* ([@CIT0060]), *Pyramimonas* sp. ([@CIT0296]) and many other species. They are essential for cell membranes and act in signal transduction. Alkadienes represent a group of lipids produced by for example *Botryococcus braunii*that can be used for wax in the cosmetics industry ([@CIT0256]). Some algae can produce acetylenic lipids that can have antitumor, antibacterial, antimicrobial, antifouling, antifungal, pesticidal, phototoxic, HIV inhibitory, and immuno-suppressive properties ([@CIT0099]). However, this group of lipids is not extensively explored in green algae.

As illustrated in [Figure 4](#F4){ref-type="fig"} and described above, the production of PUFA may be increased by applying stress factors like low temperature, salt stress and nutrient deprivation.

Metabolites with other properties or medical effects {#s26}
----------------------------------------------------

### Polysaccharides {#s27}

Certain polysaccharides from algae have been shown to have activities with medical effects; most of these studies have been performed with *Chlorella* spp. *Chlorella vulgaris*and *Scenedesmus quadricauda* are able to produce polysaccharides that function as protection against oxidative stress and, in one case, exposure to microcystin ([@CIT0261]). A mixture of polysaccharides extracted from *Chlorella stigmatophora* showed anti-inflammatory and immunosuppressant effects, however, the structure of the active polysaccharide was not identified (Guzman *et al.*, 2003). A polysaccharide with high molecular weight identified from *Chlorella pyrenoidosa* showed a very high immunostimulatory and antitumor effect with potential for cancer therapy ([@CIT0302]; [@CIT0411]). Other attempts to identify the active constituents in extracts of polysaccharides in this species have been made, but the exact structure is still unknown ([@CIT0341]). The exact function of most of these polysaccharides in the algal cells is not known. The polysaccharide β-1,3-glucan from *Chlorella* has been found to be an active immunostimulator, a free radical scavenger and a reducer of blood lipids. Other health-promoting effects can be efficacy on gastric ulcers, wounds, and constipation; preventive action against atherosclerosis and hypercholesterolemia; and antitumor action ([@CIT0173]; [@CIT0355]). In these studies no attempts were made to expose the algae to sub-optimal growth conditions, i.e. to find out if stress conditions would induce a higher production of the mentioned active metabolites.

### Glycerol {#s28}

Glycerol is an organic osmolyte that is highly soluble and non-inhibitory of metabolic processes produced as a response to extracellular osmotic pressure. It can function as both osmoregulator and osmoprotector of enzymes. It can be accumulated in large amounts in halotolerant species during salt stress; an increase in intracellular glycerol content linear with salt concentration in the medium has been seen in *Chlamydomonas pulsatilla* ([@CIT0004]). Halotolerant *Dunaliella* species can accumulate up to 17% w/w intracellular glycerol ([@CIT0183]). Freshwater species like *Chlamydomonas reinhardtii* can also produce high amounts of glycerol as a response to osmotic stress, but in this case the glycerol is excreted into the medium rather than being accumulated ([@CIT0222]). The production of glycerol in algae is regulated by external water activity, but high light intensities may inhibit the production ([@CIT0223]). In some cases, the algae can also excrete glycerol as a response to high CO~2~ rather than salt stress, as has been observed in a marine *Chlamydomonas* sp. strain ([@CIT0260]). Glycerol is widely used in industries such as cosmetics, pharmaceuticals, paint, automotive, food (E422), tobacco, pulp and paper, leather, and textile, or as a feedstock for the production of various chemicals ([@CIT0399]). In addition to being produced in high amounts during osmotic stress, an increase in glycerol content has also been showed in *Chlamydomonas reinhardtii* during sulfur deprivation ([@CIT0050]), although this was only measured after 24 h of deprivation.

### Lectins {#s29}

Lectins are carbohydrate binding proteins located within protein bodies in the cells. Lectins from algae have high specificity for complex oligosaccharides, glycoprotein or glycolipids. They are useful in medical science for a variety of applications, like detection of disease-related alterations of glycan synthesis, blood group typing and definition of secretor status, quantification of aberrations of cell surface glycan presentation and cell markers for diagnostic purposes including infectious agents (viruses, bacteria, fungi, parasites). Moreover, lectins are useful as bioadhesives that bind to mucosal surfaces and to deliver vaccines across mucosal surfaces ([@CIT0060]). Studies of lectins in green microalgae often focus on haemagglutinating activity, and a high number of *Chlamydomonas* and *Chlorella* species have been identified with ability to agglutinate erythrocytes. Many species of *Chlorella* produce metabolites with antimicrobial activity, and this activity has been hypothesized to be caused by lectins [(Table 1](#T1){ref-type="table"}) ([@CIT0080]). Studies in other algae have indicated that the production of these metabolites can be induced by growth limiting conditions like nutrient deprivation and light stress ([@CIT0230]).

### Mycosporine-like amino acids {#s30}

Mycosporine-like amino acids (MAA) are a group of molecules consisting of an amino acid bound to a chromophore that absorbs low wavelength light. A database listing different MAAs identified in various organisms is available ([@CIT0347]), out of which ten are green microalgae [(Table 1](#T1){ref-type="table"}). These amino acids are involved in protecting the organism against UV radiation and are produced in significant amounts by for example the highly UV-tolerant snow algae *Chlamydomonas nivalis* and other green algal species. Production of MAA is induced by exposure to UV-light and the resulting irradiance stress reactions, but there are indications that N-limitation leads to a decreased production ([@CIT0189]; [@CIT0408]). MAA from other algae phyla have been shown to protect skin of higher organisms against UV damage ([@CIT0093]). MAAs from algae have been explored for commercial purposes, which have resulted in commercial skin-care products for UV protection ([@CIT0334]).

### Glycoprotein {#s31}

A glycoprotein from *Chlorella vulgaris* shows anticancer activity through antimetastatic immunopotentiation ([@CIT0152]; [@CIT0370]). Little has been done neither to identify similar compounds with activity from other algal species, nor to consider possibilities for optimization of the production of these glycoproteins by manipulating growth conditions.

### Antifreeze proteins {#s32}

Cold adapted strains of green algae are often producers of antifreeze proteins that prevent damage occurring as a result of very low temperatures. These proteins are able to bind to ice crystals, prevent recrystallization and protect other proteins from damage. Antifreeze proteins extracted from algae or other microorganisms can be used for agricultural, biomedical and industrial applications ([@CIT0079]; [@CIT0112]; [@CIT0187]).

### Antibiotics {#s33}

Some strains of algae are able to produce metabolites with antibiotic activity by killing or inhibiting growth of bacteria. In some cases, this activity has only been identified in general extracts from the algal culture without determining the identity of the active substrate ([@CIT0080]; [@CIT0282]). In other cases, the antibiotic agents have been identified, as described above. There are indications that antibiotics are more likely to occur in strains isolated from environments polluted by bacteria, than in strains isolated from cleaner environments ([@CIT0238]).

General extracts containing unidentified metabolites with activity {#s34}
------------------------------------------------------------------

A large number of studies have been performed screening for algal extracts with medical effects. The path from a certain effect is detected in an algal extract, to a pharmaceutical product is sold commercially, is very long and expensive. Even if these screenings have resulted in a high number of extracts with potential pharmaceutical interest, many studies have not concluded with identification of the specific metabolites leading to these effects.

Pharmacological activities measured in *Dunaliella tertiolecta*include antihypertensive, bronchodilator, antiseritonin, polysynaptic block, analgesic, muscle relaxant and antioedema ([@CIT0052]). *Dunaliella tertiolecta*showed activity as a central nervous system depressant ([@CIT0396]) and *Chlorella stigmatophora*extracts showed anti-dopaminergic activity on the central nervous system ([@CIT0211]). Out of 174 strains from 24 genera of green microalgae screened, 10 strains from the species *Desmococcus olivaeceus*, *Chlorella minutissima* and other *Chlorella* species, and *Scenedesmus* sp. showed antimicrobial and anticancer activity ([@CIT0282]). Extracts from several species of *Chlorella*, *Chlamydomonas* and *Scenedesmus* showed haemagglutinating effects, and five *Chlorella* species had antimicrobial activity ([@CIT0080]). The active metabolites were all produced without exposing the cells to suboptimal conditions, which in some cases may have increased their production.

Whole cells of *Chlorella sorokiniana* have activity as a sulfoxidation biocatalyst, and can therefore have significance in industrial processes involving flavor and aroma precursors, antibiotics, enzyme inhibitors, metabolites and pharmaceuticals ([@CIT0089]). Extracts from a high number of algae have shown inhibitory effects on other algae, and this is often seen in connection with unsaturated fatty acids ([@CIT0168]).

Present commercial uses of green microalgae {#s35}
===========================================

Commercial production of algae is often quite secretive and the identities of the species used are not always revealed. In most cases, the identities of the algae are only known at the genus level. [Table 2](#T2){ref-type="table"} shows a list of companies with commercial production of green microalgae for many purposes; health food and aquaculture feed constituting the major parts of the market. The number of species in use today is very limited, and the algae are usually selected for their ability to grow fast and produce high amounts of specific metabolites.

###### 

Companies producing green microalgae for health food/ aquaculture/ animal feed/ pharmaceutical and industrial purposes.

  Algae                                                              Common products                                                                                                                                                                                                                               Company                       Country
  ------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------- ------------
  *Dunaliella*                                                       Biomass for health food, cosmetics or aquaculture feed, produced in the form of powder, paste, capsules or tablets. Extracts of β-carotene as color and antioxidant in food and cosmetics,produced in the form of powder or oil extract.      Aqua Carotene Ltd             Australia
  Betatene Ltd.                                                      Australia                                                                                                                                                                                                                                                                   
  Cognis Nutrition and Health                                        Australia                                                                                                                                                                                                                                                                   
  Western Biotechnology Ltd.                                         Australia                                                                                                                                                                                                                                                                   
  Inner Mongolia Biological Eng.                                     P.R.China                                                                                                                                                                                                                                                                   
  Tianjin Lantai Biotechnology                                       P.R.China                                                                                                                                                                                                                                                                   
  Cyanotech Corp.                                                    Hawaii, USA                                                                                                                                                                                                                                                                 
  ABL Biotechnologies Ltd.                                           India                                                                                                                                                                                                                                                                       
  Parry Nutraceuticals                                               India                                                                                                                                                                                                                                                                       
  Proalgen Biotech                                                   India                                                                                                                                                                                                                                                                       
  Nature Beta Technologies Ltd.                                      Israel                                                                                                                                                                                                                                                                      
  Seambiotic                                                         Israel                                                                                                                                                                                                                                                                      
  Nikken Sohonsha Corporation                                        Japan                                                                                                                                                                                                                                                                       
  Dutch State Mines                                                  The Netherlands                                                                                                                                                                                                                                                             
  Easy Algae                                                         Spain                                                                                                                                                                                                                                                                       
  *Haematococcus*                                                    Biomass for health food, cosmetics or aquaculture feed, produced in the form of powder, paste, capsules or tablets. Extracts of astaxanthin for color and antioxidants in food and cosmetics,produced in the form of powder or oil extract.   WefirstBiotechnologyCo.,Ltd   P.R. China
  Blue BioTech Int.                                                  Germany                                                                                                                                                                                                                                                                     
  Cyanotech Corp.                                                    Hawaii, USA                                                                                                                                                                                                                                                                 
  Mera Pharmaceuticals                                               Hawaii, USA                                                                                                                                                                                                                                                                 
  Parry Nutraceuticals                                               India                                                                                                                                                                                                                                                                       
  AlgaTechnologies                                                   Israel                                                                                                                                                                                                                                                                      
  Dutch State Mines                                                  The Netherlands                                                                                                                                                                                                                                                             
  Bioreal Inc.                                                       Sweden, USA, Japan                                                                                                                                                                                                                                                          
  *Chlorella*                                                        Biomass for health food, cosmetics or animal feed, produced in the form of powder, paste, capsules or tablets.                                                                                                                                Ocean Nutrition               Canada
  Bioprodukte Prof. Steinberg Produktions- undVertriebsGmbH& Co KG   Germany                                                                                                                                                                                                                                                                     
  Blue BioTech Int.                                                  Germany                                                                                                                                                                                                                                                                     
  Nikken Sohonsha Corporation                                        Japan                                                                                                                                                                                                                                                                       
  Sun Chlorella Corp.                                                Japan                                                                                                                                                                                                                                                                       
  YaeyamaShokusanCO.Ltd.                                             Japan                                                                                                                                                                                                                                                                       
  Taiwan Chlorella Manufacturing and Co.                             Taiwan                                                                                                                                                                                                                                                                      
  *Tetraselmis*                                                      Biomass for aquaculture feed, produced in the form of powder, paste or tablets.                                                                                                                                                               Astaxa GmbH                   Germany
  Seambiotic                                                         Israel                                                                                                                                                                                                                                                                      
  EasyAlgae                                                          Spain                                                                                                                                                                                                                                                                       
  Reed Mariculture                                                   USA                                                                                                                                                                                                                                                                         
  *Nannochloris*                                                     Biomass for aquaculture feed.                                                                                                                                                                                                                 Seambiotic                    Israel
  *Chlorococcum*                                                     Biomass for aquaculture feed.                                                                                                                                                                                                                 Seambiotic                    Israel

See text for details regarding use of algae products.

Production efficiency of biomass is the key-factor for financial success in most commercial systems today. Moreover, to be used in aquaculture, microalgal species must also be selected on the basis of their mass-culture potential, nutritive constituents, non-toxicity, sanitary state as a diet, size and shape of the cells and digestibility ([@CIT0024]; [@CIT0055]; [@CIT0094]; [@CIT0385]). It should be noted that production of high amounts of secondary metabolites under stress conditions, is associated with decreased growth rates and thereby decreased production of total biomass. Although the selected stress conditions may induce a high production of the targeted metabolite on a per cell basis, the success of a commercial process depends on the total productivity of the system. Growth rates will vary greatly between species, and are highly dependent on cultivation methods, especially bioreactor design, and physical and chemical parameters. The simplest way of growing microalgae commercially is considered to be cultivation in open ponds, and this system is commonly applied in commercial algal production. In such systems, species of algae that are tolerant to extreme conditions have been preferred, due to the decreased risk of contamination from competing organisms. The application of closed bioreactors in microalgal cultivation leads to reduced risk of contamination, which has opened up for using a wider choice of species. Extensive research is ongoing within the field of bioreactors, culturing systems and production efficiencies, and has previously been reviewed ([@CIT0017]; [@CIT0061]; [@CIT0090]; [@CIT0110]; [@CIT0298]; [@CIT0303]; [@CIT0317]; [@CIT0380]; [@CIT0409]). The commercial production of green microalgae today is mainly focused on species from four genera: *Chlorella, Dunaliella, Haematococcus*and *Tetraselmis,*which all are cultivated essentially for health food industry and aquaculture production.

Health food {#s36}
-----------

*Dunaliella* spp., dominated by *Dunaliella salina*, are widely used for production of the antioxidant and coloring agent β-carotene. These algae are known to produce about 10% β-carotene of algal dry weight under stress conditions ([@CIT0214]). A high number of companies produce *Dunaliella* for commercial products [(Table 2](#T2){ref-type="table"}). The most common products include extracted β-carotene, dried algal powder for human use and dried algal powder for animal feed. *Dunaliella* powder for human use can be sold directly as a health supplement due to its high content of proteins and antioxidants ([@CIT0023]), and can also be sold as a protein source for food production ([@CIT0113]). Most extracted β-carotene is sold in vegetable oil for coloring various food products and for cosmetics ([@CIT0104]). β-carotene is added to cosmetics and food products like margarine, cheese, fruit juices, baked goods, dairy products, canned goods, confectionary and health condiments as a colorant and antioxidant, and as a precursor to Vitamin A ([@CIT0104]). Extracts from *Dunaliella salina* is claimed to stimulate skin cell growth and proliferation ([@CIT0202]). β-carotene extracted from *Dunaliella* is also added to pet food for the same reasons, and the addition of this pigment to animal fodder can improve the color of chicken skin, egg yolks, salmon flesh and shellfish. β-carotene produced from algae is considered to be more valuable than synthetic versions since the combination of *cis*- and *trans*-isomers leads to higher bioavailability and bioefficiency ([@CIT0412]).

As with *Dunaliella*, *Haematococcus* spp., dominated by *Haematococcus pluvialis*, are considered to be a rich source of proteins, vitamins and other nutrients, in addition to high amounts of the antioxidant and coloring agent astaxanthin ([@CIT0104]). *Haematococcus* biomass can be more expensive to produce than *Dunaliella* because growth requirements cannot exclude contaminating organisms; closed bioreactor systems are therefore advantageous. However, the high value of *Haematococcus* biomass makes this production highly successful commercially [(Table 2](#T2){ref-type="table"}). These algae can grow and produce high contents of astaxanthin under both autotrophic and heterotrophic conditions. The astaxanthin production is usually a two-stage process where biomass is firstly produced under optimal growth conditions. In the second stage, the algae are exposed to sub-optimal conditions that lead to a cell resting stage and formation of haematocysts where the cells produce high amounts of astaxanthin. These sub-optimal conditions include nitrate and phosphate deprivations, increased temperature and light intensity, or osmotic stress caused by addition of NaCl ([@CIT0236]). A concentration of 7.7% astaxanthin has been reached at lab scale ([@CIT0186]). Products from *Haematococcus* include extracted astaxanthin, dried algal powder for human use and dried algal powder for animal feed, these products have been available to consumers for about 10 years ([@CIT0143]). Astaxanthin has many medical effects in both human and animals, as described in the Section "Carotenoids", and its antioxidant activity is 10 times higher than β-carotene and 500 times higher than α-tocopherol ([@CIT0104]).

*Chlorella*spp., dominated by *Chlorella vulgaris*, is widely used as human health food due to its high nutritional value ([@CIT0304]), and the majority of *Chlorella* biomass for human consumption has been sold as tablets or capsules. Although whole cells of *Chlorella* and *Haematococcus* have been added to food as a coloring agent and antioxidant ([@CIT0134]), the market for direct addition of microalgal biomass to food for human consumption has been limited due to its distinct flavor. In order to maximize the nutritional value of the product, the *Chlorella* cell wall is mechanically broken in the production process ([@CIT0175]). In addition to having a very high protein content ([@CIT0023]), different *Chlorella* species are able to accumulate high concentrations of carotenoids like lutein, astaxanthin and canthaxanthin. They are also able to produce PUFA, polysaccharides and extracts with different medical activities [(Table 1](#T1){ref-type="table"}). Oral intake of *Chlorella* biomass as a food supplement can lead to medical effects such as reduction of maternal transfer of dioxins ([@CIT0268]). Extracts from *Chlorella* have been used for commercial cosmetic products, and skin cream containing *Chlorella* extracts have been claimed to stimulate collagen synthesis and thus prevent wrinkles ([@CIT0202]). Regarding safety, some concerns have been raised regarding intake of nucleic acids, which are present in most food sources. A high intake of purine may in some cases lead to increased plasma uric acid, which again may lead to gout. Studies have shown that for endangered hyper-uremic persons, a daily intake of 20 g algae is considered safe ([@CIT0025]). Despite of this, safety evaluations of green algal biomass as a food additive, cultured under normal conditions without exposure to heavy metals, have concluded that this product is safe for oral intake ([@CIT0091]; [@CIT0262]).

Aquaculture {#s37}
-----------

The main applications of microalgae in aquaculture are, directly or indirectly, related to nutrition of various species of aquatic farmed animals. They are frequently used as food source for marine herbivores and in the first feeding process of some carnivorous larvae ([@CIT0220]; [@CIT0314]). Microalgae are used as food source for producing live preys such as rotifers, copepods and brine shrimp, which serve in turn as food for early stages of carnivorous cephalopods, crustaceans and fish ([@CIT0088]; [@CIT0338]; [@CIT0353]; [@CIT0401]). Microalgae are consumed mostly as whole cells, as a basic diet component or as a food additive to supply basic nutrients (Albentosa *et al.*, 1997). They can be valuable fresh or dried in the green water technique or as color additive. "Green water" refers to the feeding technique whereby algae are added to the organisms' environment as a suspension ([@CIT0271]). Use of algae in the first-feeding process of aquatic animals may enhance the rearing success, including survival, growth and larvae quality ([@CIT0082]; [@CIT0220]; [@CIT0314]). The most important algal species used as nutrient source in aquaculture production worldwide belong to the following classes: Bacillariophyceae, Chlorophyceae, Cyanophyceae, Eustigmatphyceae, Prasinophyceae and Prymnesiophyceae. Out of the algal species that are most commonly used as feed in commercial aquaculture today, only *Chlorella* spp. and *Tetraselmis* spp. belong to the green algae group.

In fish, a lack of PUFAs at various stages affects negatively the eye development, pigmentation, vertebrae development, fecundity, spawning, egg quality and larval hatching rates ([@CIT0028]; [@CIT0213]; [@CIT0308]). PUFAs, such as AA, EPA and DHA as described in the Section "Fatty acids and their derivatives", are essential for the growth and survival of marine fish larvae ([@CIT0328]). Since they have a very limited ability to biosynthesize PUFA *de novo*, their PUFAs are derived from zooplankton that consume algae ([@CIT0414]). In rotifers production, *Tetraselmis* sp. increases the DHA and EPA contents of the rotifers even with a short term enrichment period. However, to observe positive effects on growth and survival of fish larvae using rotifers with short term enrichment in microalgae, microalgae need to also be added as green water ([@CIT0314]).

Several species of green microalgae have been reported to accumulate canthaxanthin, asthaxanthin, lutein, β-carotene and other carotenoids [(Table 1](#T1){ref-type="table"}). The aquaculture fodder industry (especially pigmentation of salmonids) is the largest market for use of extracts from *Dunaliella* and *Haematococcus*. Other species of green algae can also be potential sources of carotenoids, such as lutein from *Muriellopsis* ([@CIT0097]). Carotenoid pigments fulfill very important roles in the growth of fish larvae. An astaxanthin- canthaxanthin- and β-carotene supplemented diet enhances pigmentation of organisms such as domesticated shrimp, red sea bream, salmon, trout, sea urchin, lobster and ornamental fish ([@CIT0016]; [@CIT0019]; [@CIT0076]; [@CIT0131]; [@CIT0132]; [@CIT0344]; [@CIT0373]). Astaxanthin has also been shown to be essential for growth and survival during the initial feeding period of shrimp, salmon and trout ([@CIT0212]; [@CIT0236]; [@CIT0275]).

In aquaculture, vaccines are often delivered orally and the algae have an important potential for producing high quality recombined proteins ([@CIT0221]; [@CIT0239]). *Chlamydomonas reinhardtii* is known to have chloroplast features that are suited for developing an oral vaccine delivery system ([@CIT0365]), which can lead to further development of the potential for a microalgal vaccine strategy for immunization of aquatic animals.

Algal biomass produced in large scale represents a potential for high quality substitute for fish-based ingredients in aquaculture feeds. Specifically, algal preparations could be superior alternative sources for EPA, DHA and AA enrichment products in a variety of aquaculture feeds, and there may also be the additional benefit that microalgae may act as immuno-stimulants ([@CIT0355]).

Summary and perspectives {#s38}
========================

The multidisciplinary process for use of algal technology described in [@CIT0349], can either be used as a complete process, or parts of the process can be used independently. Based on the current efficiency rates which are obtained with hydrogen production from green algae ([@CIT0210]; [@CIT0375]b), and recent economic feasibility studies ([@CIT0357]), it is likely that hydrogen production from green algae must be combined with subsequent use of the biomass, to achieve a viable, sustainable system.

There are many studies available which report for example efficiencies of algal biomass production, the nutrient composition of algae, algal production of chemicals, and algal tolerance to separate stress factors, as discussed above. What most of these studies have in common is that they either report comparisons of a species under different conditions, or compare several species under fixed conditions. The values reported by these studies are the result of physical conditions used in the lab for those specific experiments, like for example size and form of culture vessel, bubble size of CO~2~ mixture, and stirring speed. Because of this, comparing any type of efficiency numbers between different studies is very difficult, in many cases impossible, even if basic measurable conditions such as light, temperature and pH are identical. In this review, the only references to efficiencies have been "high" or "low", referring to comparisons within each paper, or a general overall picture from several papers. Because of this fact, this review does no attempt to suggest which algae are most efficient for the different uses. The purpose here is to discuss which species are likely to be able to perform at several stages in a combined process, based on the currently available information.

A substantial amount of research is currently ongoing within genomic and metabolic engineering of algae for efficient production of different potential algal products, including hydrogen ([@CIT0026]; Griesbeck *et al.*, 2005; [@CIT0226]). Considerable progress has been achieved in this field during the last decade, and there is a clear potential for increased exploitation of modified algae, compared to wild types. However, in many countries there is, and may continue to be, a severe resistance against gene modified organisms. In some cases there will be regulations preventing the use of these organisms either in general, or for specific uses, and in other cases there will simply be disapprovement and fear among the potential customers. This will severely limit the market potential, as might be the case in examples like health food for human consumption. It is our opinion that there is, and will continue to be, a need for "natural" products from organisms isolated directly from nature. It is therefore important to find out more about which naturally occurring species are able to perform useful processes, something this study has attempted to clarify.

In many cases, screening for specific metabolites or general extracts having activities with medical application is performed with algae grown under optimal-, or close to optimal conditions. Examples are studies where species of algae are screened for metabolites with antimicrobial, anticancer and haemagglutinating activity ([@CIT0075]; [@CIT0080]; [@CIT0152]; [@CIT0195]; [@CIT0282]). As described in the Section "Analysis of current knowledge, potential products from algae", many of these substances may be secondary metabolites that are induced under stress or sub-optimal conditions. There is reason to believe that many species may have the ability to produce a high amount of valuable molecules given the right conditions, and that there still is a great undetected potential in that respect. Many secondary metabolites are produced by applying several stress factors to the algal culture. The synergistic effect of several stress factors can be necessary to get an optimal production of these chemicals, indicating that this could also be the case for other algal products.

Hydrogen production represents a reaction to stress factors like for example light and nutrient deprivation, where the cell needs to dispose of excess energy absorbed by the photosystems. A practical system for producing significant amounts of metabolites from algae usually consists of a two stage process, where the algae firstly are grown under optimal conditions to produce a dense culture. In the second stage, stress conditions are applied that induce production of the interesting metabolites ([@CIT0163]). As pointed out above a practical hydrogen production process from green algae is often described as a two stage process as well ([@CIT0254]). However, it should be noted that hydrogen production by algae during sulfur deprivation is at present a very sensitive process where small changes in physical factors such as light intensity, pH and nutrient composition can cause major effects on the hydrogen production efficiency ([@CIT0196]; [@CIT0205]). Careful studies must be performed in order to obtain a production of valuable metabolites that does not compromise hydrogen production rates. The current knowledge of hydrogen production from green algae by sulfur deprivation suggests that the hydrogen production is strongly dependent on the algae's ability to accumulate starch ([@CIT0210]; [@CIT0297]). The studies of a combined process may therefore explore a potential combination of biosynthesis of starch and valuable metabolites during the initial step of sulfur deprivation. Alternatively, the targeted algae may produce the metabolites simultaneously with hydrogen or after the hydrogen production has stopped as a protection mechanism. These options are illustrated in [Figure 1](#F1){ref-type="fig"}. All these three possibilities must be explored experimentally.

[Figure 4](#F4){ref-type="fig"} presents a selection of secondary metabolites produced by green algae, and the main stress factors known to induce their production. See [Table 1](#T1){ref-type="table"} for information on which species have been shown to produce large amounts of the different products, and text above for more details.

Nevertheless, the most important secondary metabolites currently available commercially are carotenoids, mainly astaxanthin from *Haematococcus* sp. and β-carotene from *Dunaliella* sp. These pigments are induced by several stress factors like high light intensity, nutrient deprivation and high salt concentration. Their main purpose is to protect the cell from oxidative stress, which is also the main purpose of hydrogen production during sulfur starvation. Carotenoids dissipate energy, but have been shown to be co-produced with TAG containing lipid bodies ([@CIT0307]).

Another important product from algae is PUFA. Algae will accumulate increased amounts of unsaturated fat during stress conditions like low temperature, nutrient deprivation and high salt concentration. These unsaturated fatty acids can accumulate in the membranes in order to maintain their biological functions or, in some cases, in storage globules in the cytoplasm functioning as energy reserves.

Glycerol production in green algae is induced by osmotic stress and, in some cases, also by exposure to high CO~2~ concentrations or nutrient deprivation. Under osmotic stress, glycerol functions as an osmolyte to maintain a normal salt balance inside the cell. In some cases, there can be a correlation between glycerol production and degradation of starch, indicating that starch is used as an energy source and possibly also carbon source for glycerol synthesis. Assuming this is the case and, considering the fact that hydrogen production during sulfur deprivation also partly uses starch as an energy source, a combination of these two processes may not be optimal. Moreover, the market value of glycerol has dropped significantly the most recent years, due to the fact that this compound is a by-product from biodiesel production ([@CIT0180]). Products from breakdown of starch in species of green algae have been previously presented, and the degradation pathways leading to hydrogen and other products were shown to vary greatly between species ([@CIT0257]).

As for hydrogen production, nutrient deprivation and high light intensities are stress reactions that have been shown to induce lectins. Production of lectins is highly dependent on their functions in the cells and, as they are a highly diverse group of proteins, it is therefore difficult to make general assumptions for a combined production with hydrogen. Vitamins, other antioxidants and MAA are induced by high light intensity or UV-light as part of a photoprotective response. Several compounds with medical effects have been identified, like for example glycoproteins, glutathione, different polysaccharides and unidentified antibiotics, but in these cases little information is available regarding the conditions leading to their induction.

In cases where certain secondary metabolites are produced in large amounts as a response to oxidative stress, the metabolites may function as energy sinks. In a combined process where the goal is to produce an optimal proportion of hydrogen and valuable products, a very large content of a metabolite (%w/w) may lead to decreased hydrogen production efficiency. Examples of metabolites produced as a reaction to oxidative stress that reach a high concentration in the cells are β-carotene and astaxanthin (7--10%), as described in the Section "Carotenoids". This may indicate that in a practical process where hydrogen and a valuable metabolite are to be produced simultaneously, the best option may be to target production of a metabolite that is produced in smaller amounts, but which have a correspondingly higher market value. The identification and selection of the most suitable metabolite for this process is a topic for further studies. An alternative can be, as described above and illustrated in [Figure 1C](#F1){ref-type="fig"}, a second step after the hydrogen production where other conditions are applied, to induce production of large amounts of a valuable metabolite.

From this study, it is clear that with the current status in the field it is difficult to conclude on which combination of stress reactions and which species are preferable to explore for potential combined production of optimal amounts of hydrogen and valuable side products, either simultaneously or in sequence. The majority of research on a practical use of algae is focusing on the study of each process separately, and often on just one species at the time. Algae's reactions to different stress factors represent a complicated interaction by many metabolic processes, and the production of metabolites and hydrogen will depend on more than just single stress factors applied to different species. A significant amount of research is still necessary, and some is currently ongoing to identify optimal conditions for a combined system that would provide a practically sustainable process.

The model organism, *Chlamydomonas reinhardtii,* has been thoroughly studied in many respects, including hydrogen production. However, regarding production of metabolites with industrial/ pharmaceutical interest from wild types, the research has focused more on the species mentioned in the Section "Present commercial uses of green microalgae", which have already shown a clear commercial potential. Although *Chlamydomonas* spp. are also able to produce interesting metabolites, little research has focused on how to promote and optimize their production, except in the case of gene modification. This could be due to well-known superior growth rates by other species, making a practical production process of the metabolites more likely to succeed. As reported in [Table 1](#T1){ref-type="table"}, a higher number of *Chlamydomonas* species have been found to produce hydrogen, than other genera. This can be explained by the fact that many more *Chlamydomonas* species have been identified and can be found in culture collections and databases. As one example, there are currently 1163 *Chlamydomonas* species names in the Algaebase database ([@CIT0144]), out of which 417 have been flagged as currently accepted taxonomically. For comparison, the same database has registered 76 *Chlorella* species, 28 species of *Dunaliella*, 15 species of *Haematococcus*, and 15 species of *Botryococcus*.

Although some species have a better productivity than others, it is possible that some main characteristics to some extent can be transferred among species of the same genus. Algal genera used commercially today that are also known to produce hydrogenases, include *Chlorella, Chlorococcum, Haematococcus*and *Tetraselmis.*

The halotolerant/ halophilic *Dunaliella* spp. are green algae able to produce large amounts of β-carotene and glycerol under high light intensity and salt stress ([@CIT0029]). Even if *Dunaliella* species are already produced commercially, hydrogenase has never been observed in any species of this genus, and *Dunaliella* is therefore less likely to be a candidate for our proposed combined process.

One example of an algal species that has several qualities sought after in a potentially commercial context is *Chlorella sorokiniana*. Like many other *Chlorella* species, it is considered easy to culture with high growth rates ([@CIT0265]; [@CIT0305]; [@CIT0389]), is able to produce high amounts of carotenoids and other antioxidants ([@CIT0245]), fatty acids with activities of medical application ([@CIT0075]), and significant amounts of hydrogen ([@CIT0065]). It is highly tolerant to heat stress and irradiant stress ([@CIT0084]; [@CIT0092]). It also shows high lipid productivity, although the lipid content of the cells does not necessarily increase during N-limitation, as is the case with many other species ([@CIT0140]).

In many cases, algae's reaction to stress will vary within each genus, and in some cases even within each species. In order to obtain strains with a good ability for stress adaptation reactions it could be useful to isolate algae from stress exposed environments. When choosing algae for a practical process of hydrogen production, we suggest that the algae fulfill the following conditions:

-   Presence of hydrogenase and ability for hydrogen production,

-   fast growth during optimal environmental conditions,

-   adaptation mechanisms for nutrient deprivation and other environmental stress factors,

-   ability to produce metabolites of pharmaceutical/ industrial interest,

-   high production of these metabolites before or after hydrogen production.

In conclusion, this review is an initial attempt to create a conceptual overview of possibilities for innovative use of different species of green microalgae. One of the intentions has been to create a basis for selecting algae to screen for the above mentioned characteristics, with the goal to perform an innovative combined process where hydrogen and other valuable products can be produced either simultaneously or in sequence. The review also presents an overview of stress mechanisms and how these can be applied in order to induce production of valuable chemicals. The results show that green algae from at least 12 genera have shown ability to produce both hydrogen and several interesting metabolites, and these representatives could form a starting point for a systematic screening for candidates suited for a combined energy and high value compound production.
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